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Lignocellulosic biomass is a potential energy source for fuels, chemicals and materials 
production in a sustainable manner. A network of covalent and non-covalent bonds between the 
three main polymers of biomass, i.e., cellulose, hemicellulose and lignin, results in a compact 
structure which is resistant to chemical and biological attacks and therefore challenging for the 
efficient utilization of lignocellulosic biomass. Ionic liquids (ILs) have been reported to disrupt 
the bonds between these polymers and dissolve biomass at temperature below 100 ˚C. Research 
through the years has shown that biomass pretreatment with IL brings out selective dissolution of 
biomass polymers and reduces cellulose crystallinity with enhanced saccharification rates. 
However, the specific nature of interactions between the biomass polymers and ILs and the role of 
IL ion pairs remain largely unknown. In this work, we report on the progress achieved in 
understanding interactions between ILs and biomass polymers. Herein using four different 
imidazolium ILs, we developed a unique experimental approach using spectroscopic, scattering 
and rheological techniques to investigate interactions between individual biomass polymers and 
ILs. The spectroscopic approach provided evidence for IL cation and anion roles. Scattering 
studies not only offered conformational details on polymers but also provided a quantitative 
estimation of the qualitative data acquired using spectroscopy. Rheology studies helped identify 
dispersive interactions not accounted for by the other two techniques. Finally, our multilength 
scale approach helped us identify the two ILs with differential interactions towards cellulose and 
lignin. These two ILs were selected to perform in-situ biomass dissolution study using small angle 
neutron scattering (SANS), which showed that cellulose microfibril architecture altered in size and 
shape as a function of time in acetate anion IL as opposed to the formate anion IL. In summary, 
 vi 
the molecular level information on IL biomass polymers presented in this work will aid in making 
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Chapter 1. Introduction 
 
1.1. Energy sources in the US 
  
 The energy sources utilized across the world are broadly classified as renewable and non-
renewable.  The non-renewables such as crude oil, coal and natural gas were formed in the earth’s 
core from the remains of plants and animals over hundreds of years and hence, they are often 
referred to as “fossil fuels”. Layers of sand, silt, and rock cover these remains and heat and pressure 
from these layers turn the remains into crude oil. Currently, the non-renewable energy sources 
provide fuel to the transportation sector and electricity to households, industrial operations and 
commercial buildings. Gasoline, diesel fuel, heating oil, jet fuel, petrochemical feedstocks, waxes, 
lubricating oils, plastics and asphalt are few of products made from crude oil. In 2019, 37 % of all 
the energy consumed in the US were generated from crude oil (Figure 1.1).1 In the same year, of 
the over 20,504,000 barrels per day of petroleum consumed in the US, 70 % were used as fuel for 
the transportation sector.2 Although the consumption of fossil fuels peaked in the US in 1966, 
petroleum and petroleum derived products continue to dominate the US energy production and 
consumption landscape.3 This continuous and constant utilization of fossil fuels has led to the 
gradual increase of certain greenhouse gases (GHG) in the earth’s atmosphere.3  
1.2. Greenhouse gas effect 
 
 Greenhouse gases (GHG’s) such as carbon dioxide, nitrous oxide and methane are present in 
earth’s atmosphere and help regulate the temperature by trapping the sun’s heat.4 However, due to 
human activity, the amount of the GHG has increased disproportionately over time. From 1990 to 
2018, CO2 emissions from the transportation sector increased by 21 % in part due to the increased 






Figure 1. 1. US energy consumption by source for the year 2019. Figure source: Energy 













In fact, in 2018, the transportation sector accounted for 28 % of total CO2 emissions in the US. 
Light duty vehicles such as passenger cars and light-duty trucks accounted for almost 58 % of total 
CO2 emissions in the US.6 
 The effect of these increased emissions is reflected in the heightened CO2 concentration in the 
atmosphere. As of August 2020, the CO2 concentration is at 414 parts per million (Mauna Loa 
Observatory, Hawaii), a number not seen in the past 650,000 years (Figure 2).7 This rise of CO2 
concentration has already resulted in the increase of earth’s surface temperature by as much as 0.9 
˚C.8  
1.3. Overview of energy policies implemented under Environmental Protection 
Agency  
 
 In order to mitigate the negative impact of fossil fuels and develop a cohesive federal response, 
the Environmental Protection Agency (EPA) was established in 1970, which then initiated several 
policies with the Clean Air Act (CAA) as the foremost policy.9  Under the CAA, EPA has set 
standards for the size of particulate matter in air, created Air Quality Index (AQI), developed 
visibility protection regulations, proposed for the limit of lead (tetraethyl lead) addition in gasoline, 
limited volatile organic compounds (VOC) in commercial products and established preliminary 
clean fuel standards for diesel trucks and buses. Starting in 1979, methyl tertiary butyl ether 
(MTBE) replaced lead in gasoline to fulfill the oxygenate standards set under the CAA. However, 
MTBE is easily soluble in water and within few years was detected in most of the drinking supplies 
throughout the US.10 Increased levels of MTBE (>40 ppb) in drinking water can cause offensive 
taste and odor. Therefore, under the CAA amendment of 1990, ethanol was proposed as an 
alternative to MTBE. Further, in 2005 when CAA was expanded as Energy Policy Act to include 
the Renewable Fuel Standard (RFS) Program, MTBE was removed as oxygenate requirement in 
favor of ethanol.11  
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Figure 1. 2. Graph of year versus CO2 levels measured at Mauna Loa Observatory, Hawaii over 
















1.4. Corn starch ethanol (First generation biofuel) 12 
Ethanol, a renewable fuel, can be made from various plant materials. Regardless of the source, 
ethanol has the same chemical formula (C2H5OH) whether it is produced from starch- or sugar-
based feedstocks, such as corn grain (the United States), sugar cane (Brazil), or from cellulosic 
feedstocks (such as wood chips or crop residues). Ethanol has higher octane number than gasoline, 
thus increasing vehicle performance and power. The most common way in which ethanol is 
consumed by transportation sector is in the form of E10 fuel (10 % ethanol and 90 % gasoline). 
This inclusion of ethanol in gasoline started in 1990 that helped kick off the US ethanol industry. 
In 1996 when the recognition of MTBE at higher levels (>90 ppb) in water resources coincided 
with development of Flex Fuel Vehicles (FFV), ethanol production and consumption increased 
further. FFV’s include internal combustion engine that is equipped to run on E85 blend (51 to 83 
% ethanol with gasoline) gasoline. In addition to contributing towards reduced emissions, US 
ethanol industry also created close to 68,000 jobs in rural communities.  
 Since 1990’s corn starch has been and continues to remain as the major source for ethanol in 
the US (Figure 1.3). However, corn is a food source. Moreover, corn fields consume high amounts 
of water and ethanol produced from corn relies on coal as energy source. Therefore, when the 
Energy Independence and Security Act (EISA) of 2007 further mandated the inclusion of ethanol, 
cellulosic ethanol was proposed as an additional option.14 Under the act, ethanol production was 
set to rise steadily to a level of 36 billion gallons by 2022, with 16 billion gallons of cellulosic 






















1.5. Cellulosic ethanol (Advanced biofuel) 
 
 Cellulosic ethanol is produced from non-food sources that include dedicated energy crops 
(miscanthus, switchgrass, hybrid poplar), industrial wastes, agricultural residues, wood residues 
and municipal waste. These feedstocks contain three main polymers, i.e., cellulose, hemicellulose 
and lignin. Cellulosic ethanol offers a better energy balance when compared with corn starch 
ethanol, as the feedstocks are not food sources and the fertilizer/water requirements are 
significantly lower. In terms of the emission reduction, life cycle analysis revealed that while corn 
ethanol can reduce GHG’s by 34%, cellulosic ethanol can bring about a reduction in the range of 
88% to 108% (based on the feedstock used).12 
 In addition to serving as fuel source, biomass has the potential to produce bio-based products 
to replace petroleum derived chemicals and plastics. The bio-preferred program first established 
in the Farm Security and Rural Investment Act of 2002 and strengthened by the Food, 
Conservation, and Energy Act of 2008, reports on the progress made in the field of bio-based 
products. As of 2015, over 20,000 bio-based products are reported in the US.17  
 Despite the mentioned advantages, production of cellulosic ethanol lagged behind other 
sources in the past decade (Figure 1.4). In 2019, greater than 90% of ethanol consumed in the 
transportation sector were produced from corn starch. In fact, in 2019, of the 14.5 billion gallons 
of ethanol consumed, cellulosic ethanol contribution was 418 million barrels (Figure 1.3). The 
reduced contribution of cellulosic ethanol is in line with the trend noted since Congress passed 
EISA, more than a decade ago. There are several reasons for the slower increase of cellulosic bio-
fuel production. In the US, the consumption of gasoline slowed down in the past decade, which 
lead to the decreased amount of gasoline available for ethanol blend.18 Further, only E10 blend 




Figure 1. 4. A) Target for cellulosic ethanol as per the EISA volume standards. B) Cellulosic 


























However, the major reason for the continued lag is the under-developed technology used in the 
isolation of individual polymers of biomass and their efficient conversion into value-added 
products.  
1.6. Traditional pretreatment technology 
 
 The four main steps of cellulosic ethanol production are biomass procurement and 
preprocessing, pretreatment of biomass, cellulose/hemicellulose hydrolysis into sugars, and finally 
their fermentation into alcohol (Figure 1.5). The first two steps are estimated to contribute towards 
70% of expenses.20 Specifically, the step of pretreatment is energy intensive. The three polymers 
of biomass are interconnected by network of covalent and non-covalent interactions. In order to 
disrupt this intricate network of bonds, several mechanical, physical and chemical systems were 
developed overtime.  
 Mechanical pretreatments, such as size reduction by chipping, milling and grinding, reduce 
biomass particle size, decrease cellulose crystallinity and cellulose degree of polymerization.21 
Chemical pretreatments, such as  using hot water extraction,22 dilute acid23 and ammonia fiber 
expansion 24, bring about a partial deconstruction of the biomass cell wall, thereby improving 
cellulose accessibility by increasing biomass porosity, reducing cellulose crystallinity, and partial 
removal of lignin. However, most of these traditional approaches suffer from deficiencies such as 
high energy needs (high temperature and pressure), high enzyme loading and low sugar yields.25  
To overcome the challenges posed by the traditional pretreatment methodologies, research in the 
past decade has shifted focus on 1) understanding the fundamental interactions that govern the 
process of biomass dissociation and conversion and 2) utilization of biomass not only for cellulosic 
ethanol production but also for production of products and chemicals (mimicking the petroleum 




Figure 1. 5. Schematic of traditional pretreatment technology. Step 1: procurement and 
preprocessing of biomass, step 2: pretreatment of biomass, step 3: enzymatic hydrolysis, step 4: 
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1.7. Modern pretreatment technology  
Solvent systems such as water/gamma valerolactone (GVL),28 water/tetrahydrofuran (THF),29 
and ionic liquids (ILs)30 are few examples of modern pretreatment options. These three solvent 
systems are shown to function as “good solvents” for biomass, i.e., the interactions between 
biomass polymers and solvent outweigh the interactions between solvent-solvent and polymer-
polymer. While the three systems are known to be effective, ILs offer distinct advantages. ILs are 
liquid salts with unique physical properties such as low volatility and high thermal stability.31 In 
addition to pretreatment technology, ILs are exceptional solvents for whole biomass dissolution 
under mild conditions for direct product production.32 Previous research has shown that ILs can be 
recycled making the process cost-effective.31 Despite these advantages there is a huge gap in 
translating laboratory IL set up to industrial scale.  
The most common reason cited for the slow transition of ILs to industrial scale is their cost 
prohibitive nature.33 However, with the advent of carbonate-based IL synthesis (CBILS®) 
technology in 2017, the production cost of several ILs has reduced considerably.34  For example, 
the CBILS® technology brought down the average cost of 1-ethyl-3-methylimidazolium acetate 
([EMIM]acetate), the most frequently used IL for biomass processing from $870 to $200 per kg.35 
Additionally, to meet the growing demand of IL research work, Iolitec, a company based in 
Germany, started work on 1t reactor in May 2020, which will bring down the costs of ILs even 
further.36  
The other reason for the IL lag is the sheer number of ILs available for research purposes. Over 
the past decade, more than 1000 research papers have showcased the efficiency of one IL over the 
other.37 The differences between the ILs are often discerned on the basis of either macroscopic 
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solubility measurement, pre- and post-biomass structural analysis or on the basis of 
physicochemical properties of IL such as viscosity and H-bond basicity.38 As a result of this 
experimental approach even though we gained a good knowledge of the changes induced by IL 
treatment, the reason for how those changes are initiated at atomic/molecular level of biomass 
remains largely unknown.  In addition to the lack of clear picture of the fundamental interactions, 
the numerous IL options make the identification of an ideal candidate for commercialization 
challenging.    
As the IL industry continues to make progress to improve the cost of IL manufacturing, the 
task of identifying ideal candidate biomass processing can be done by focusing on the aspects of 
specific interactions between biomass polymers and ILs in addition to application orientated 
research. Therefore, we hypothesize that individual interactions at micro, meso and molecular 
levels between particular ILs and biomass polymers such as cellulose, hemicellulose and lignin 
will predict the capabilities of ILs to dissolve whole biomass. The following goal and objectives 
will help us towards substantiating this claim. 
1.8. Project goal and objectives 
The primary goal of this thesis project is to investigate the interactions between four different 
imidazolium ILs and biomass polymers (i.e., cellulose, hemicellulose and lignin) to aid in the 
rational design, selection and implementation of ILs in biomass processing. To achieve this 





Figure 1. 6. A schematic of self-sustainable bio-refinery based on the modern pretreatment 

































1) Developing a comprehensive characterization strategy which will measure the molecular, 
meso-scale and microscopic level conformation of biopolymers in ILs by utilizing 
spectroscopic, scattering and rheological techniques. 
2) Employing the comprehensive characterization strategy to measure the interactions and 
conformation of purified cellulose, hemicellulose and lignin fractions in select 1, 3-dialkyl 
imidazolium ILs. 
3) Characterizing the in-situ state of biomass polymers during dissolution with select 1, 3-
dialkyl imidazolium ILs, using advanced scattering and spectroscopic techniques. 
The thesis is presented in multipart paper format and it has a total of six chapters including 
introduction. Ionic liquids are unique natured solvents due to their ionic composition a trait similar 
to solids. In simple terms ILs are “flowing solids”. When considering the interactions of ILs with 
biomass, which in itself is complex due to the compact and multilength scale nature, the dissolution 
process is influenced by several factors. So, in chapter 2 an overview of structural details of plant 
cell wall assembly, biomass polymers and a brief summary of lignin carbohydrate complex (LCC) 
interactions are provided. The chapter also provides a brief summary of the various solvent systems 
used for separation of biomass polymers. In the next section of the chapter, an overview of the 
various factors along with the main physicochemical properties of ILs influencing biomass 
dissolution in ILs is presented.  Finally, an introduction to the characterization techniques used to 
investigate the interactions between biomass and ILs is presented. For the current research work, 
nuclear magnetic resonance spectroscopy (NMR), attenuated total reflectance Fourier transform 
infra-red spectroscopy (ATR FTIR), small angle X-ray scattering (SAXS), small angle neutron 
scattering (SANS) and rheology were used to understand the interactions between ILs and biomass 
polymers. Therefore, a brief overview of each these techniques is discussed.  
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In chapter 3, we report the results of our first study in which we compare the interactions 
between cellulose and four selected imidazolium ILs. Cellulose is the major biopolymer of 
biomass and many different ILs have demonstrated exceptional solubility of cellulose. However, 
the specific nature of interactions between ILs and cellulose is not known. To explore the 
interactions between cellulose and 1-alkyl-3-methylimidazolium ionic liquids, we selected two 
cations (1-ethyl-3-methylimidazolium [EMIM] and 1-allyl-3-methylimidazolium [AMIM]) and 
two anions (formate and acetate) in four combinations. Molecular interactions were investigated 
by measuring chemical shift differences using 13C NMR spectroscopy.  The results showed that at 
the molecular level, both cation and anion interact with cellulose. NMR study also identified 
[EMIM]acetate and [AMIM]formate as the ILs with the most and least interactions, respectively. 
The conformational details of cellulose from the SAXS study implied that cellulose attained the 
same molecular level dispersion in the two ILs. However, twice the number of acetate anions were 
found to cellulose fibril than formate anions. Microscale interactions measured by rheology 
confirmed the higher number of interactions between acetate IL than formate IL. This multilength 
scale study facilitated not only to understand the differences in the way ILs interact with cellulose 
but also provided a new approach to better understand the fundamental interactions between 
cellulose and 1-alkyl-3-methylimidazolium ILs. 
In chapter 4, the work on interactions between xylan (major hemicellulose of hardwoods) and 
lignin in the four imidazolium ILs is presented. Understanding these interactions is beneficial as it 
can identify the most efficient IL either for fractionating or extracting individual biomass 
polymers. NMR results in terms of 13 C NMR chemical shift differences showed that both cation 
and anion of IL interact with xylan and lignin.  The structural details obtained by SAXS study 
revealed that xylan conformation is similar in the tested ILs and the number of anions bound to a 
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single xylan strand was also the same.  When acetate anion was the counter anion, lignin dispersed 
as a monomer, while in the formate containing ILs, lignin assumed an oligomeric form. 
Macroscopic solubility aside the two chapters summarizes how acetate and formate ILs have 
similar interactions towards xylan but differ towards cellulose and lignin.  
In chapter 5, we present our work on in-situ biomass dissolution on two ILs that have been 
identified in the earlier chapters to have different interactions towards cellulose and lignin. 
Utilizing small angle neutron scattering (SANS), the real time changes in cellulose fibrils within 
native biomass system were tracked over a period of ~ 2 days. In [EMIM]acetate treated biomass 
system the cellulose microfibril feature altered in size and shape with no interference or structure 
factor. This result implied that [EMIM]acetate permeates through the biomass to bring about the 
changes in cellulose microfibril architecture. In [AMIM]formate biomass system, although IL 
diffuses into the biomass, the cellulose architecture remained unaltered with progress of time. The 
scattering profile in the low Q region for [AMIM]formate biomass system instead provided with 
next neighbor distance value of ~27 Å. The complementary IR analysis performed on recovered 
biomass samples after scattering showed that biomass sample treated with [EMIM]acetate 
underwent ~ 4.5% mass loss corresponding to acetyl groups loss. Biomass recovered from 
[AMIM]formate had no mass loss but IR data showed that the IL-recovered sample was different 
from the control sample. The nano level changes showcased in this in-situ study along with our 
earlier chapter results provide an integrated scientific reasoning that cellulose microfibril 
separation is key step in the biomass treatment of ILs. 
Chapter 6 summarizes the main conclusions of this thesis work. In the first half of the thesis 
by adopting a unique experimental approach spanning multiple length scales we have shown the 
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fundamental interactions at play between individual biomass polymers and ILs. In the second half 
of the study, using neutron scattering, nano level changes of cellulose microfibrils in native 
biomass system were showcased. The combined results help advance our knowledge of 
interactions between ILs and biomass and therefore will aid in making a rationale choice of IL for 
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Chapter 2.  Lignocellulosic biomass – plant cell wall structure 
 
 Lignocellulosic biomass has been proposed as a potential source for production of renewable 
bioenergy and polymer products. Unlike petroleum-based products, lignocellulosic biomass from 
bioenergy crops, agricultural and forest residues, and municipal waste, produced from atmospheric 
CO2, is a renewable source. Hence, chemicals and products generated from biomass are potentially 
carbon neutral. Polymers are made up of identical molecules connected through strong chemical 
bonds and have a wide variety of textures, permeability and strength and hence their broad 
application in chemical, physical and biological fields. However, most of the currently utilized 
polymers are produced from fossil fuel. Due to the long-term environmental impact caused by 
non-sustainable production of polymer products from fossil fuels alternate sources of polymers are 
pursued as viable option.  
2.1.Biomass polymers 
 
 The three polymers of lignocellulosic biomass are cellulose, hemicellulose and lignin. The 
proportion of each of these components varies in different kinds of plants species. The table below 
lays out the general ranges of these components which are adapted from references.1-7 
2.1.1. Cellulose  
 
 Cellulose constitutes to about 35-50% of plant cell wall and it is the most abundant biopolymer 
on earth. It is a linear homopolymer with individual anhydroglucose units linked via 1,4- 
glycosidic link (Figure 2.1). The extensive inter and intra molecular hydrogen bonds (H) present 
in cellulose impart cellulose many unique and physical properties.8 However, this same H-bond 
network makes cellulose insoluble in common solvents such as water.9 The length of cellulose 
chains is obtained in terms of degree of polymerization (DP). 
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Table 2. 1. Composition of hardwoods, softwoods, switchgrass and corn stover 
Chemical composition of lignocellulosic biomass (% dry basis) * 
 Cellulose Hemicellulose Lignin 
Hardwoods 40-55 24-40 18-25 
Softwoods 45-50 25-35 25-35 
Switchgrass 32-37 21-27 18-21 
Corn Stover 36-41 26-35 17-21 


















The DP is then used to calculate molecular weight either as number average molecular weight 
(Mn) or weight average molecular weight (Mw) of cellulose. In order to analyze DP of cellulose, 
it must be isolated from native source. Gel permeation chromatography (GPC) and viscometry are 
the two common methods to calculate DP of cellulose. However, due to derivatization process 
used in both the techniques cellulose undergoes certain amount of degradation. Viscometric 
measurements of cellulose DP were found to align closer to the native wood cellulose DP. The DP 
values of agricultural residues, hardwoods and softwoods were found to range from ~ 925 to 
5000.10 
 Cellulose has a hierarchical structure in plant cell wall. Individual glucan strands are laterally 
arranged in parallel configuration to form microfibrils. The cross-sectional area of cellulose fiber 
is estimated to be between 2 to 10 nm.11 Cellulose microfibrils have distinct crystalline and 
amorphous regions, which interact with hemicellulose and pectin. The common representation for 
cellulose microfibril has been a hexagonal arrangement of 36 chains in a “rosette” shape, based on 
transmission electron microscopy (TEM).12 But more recently, studies using solid state nuclear 
magnetic resonance (ss NMR), small angle neutron scattering (SANS), wide-angle X-ray 
scattering (WAXS) and polarized infra-red (IR) spectroscopy have revised the number of chains 
to 18-24 chains.13, 14, 15 The 18-chain microfibril model fits best with genetic results indicating 
concurrent expression of three cellulose synthase (CESA) genes. However, certain structural 
details of cellulose remain unclear. At the glucan chain level, the orientation of hydroxymethyl 
group (CH2OH) at the C6 position remains unresolved. Based on the models generated using X-
ray diffraction studies of cellulose, the hydroxymethyl group can have three possible orientations, 
which are gauche-gauche (gg), gauche-tauche (gt) and tauche-gauche (tg). While past studies 
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implied a single orientation (tg) for the hydroxymethyl group, more recently it was suggested that 
the group adopts different orientations on cellulose surface (gg) versus cellulose core (tg).16, 17, 18 
 Cellulose is semi-crystalline in nature and based on the variations in the unit cell structure, is 
classified as cellulose I (I and I), cellulose II, cellulose III (III1 and III11) and cellulose IV (IV1 
and IV11). The most common and the oldest use of cellulose has been in the paper and pulp 
industry. As cellulose is made up of glucose, hydrolysis of cellulose has been extensively studied 
to obtain monosugars to make products such as hydroxy methyl furfural (HMF). The crystalline 
nature and lack of solubility of cellulose in water are the two major impediments in the total 
utilization of cellulose.  
2.1.2. Hemicellulose 
 
 Hemicellulose is another carbohydrate-based polymer in plant cell wall. However, unlike 
cellulose, it is not chemically homogeneous. Hemicellulose backbone is made up of either 
homopolymers or heteropolymers linked by 1,4 glycosidic bonds or 1,3 glycosidic bonds. The 
sugars that make up hemicellulose include pentoses (such as xylose, rhamnose and arabinose), 
hexoses (glucose, mannose and galactose), and uronic acids (4-o-methyl glucuronic, D-glucoronic 
and D-galactouronic). Hemicellulose has short branches in its structure, and some have a certain 
degree of acetylation. Hemicellulose differs in the composition across different species of plants.21, 
22 Softwoods predominantly contain glucogalactomannan, while xylan is the major hemicellulose 
in hardwoods (Figure 2.3).23, 24 The molecular weight of hemicellulose is lower when compared to 
cellulose and the short branches can be easily hydrolyzed. Hemicellulose is widely used as film 




























































































































































































2.1.3.  Lignin 
 
 Lignin is compositionally different from cellulose and hemicellulose; it is an aromatic 
polyphenolic compound. The presence of lignin is critical to the plant cell wall as it imparts 
structural support, impermeability and resistance against microbial attacks.28 The three major 
precursors involved in lignin synthesis are coniferyl alcohol (guaiacyl propanol), coumaryl alcohol 
(p-hydroxyphenyl propanol), and sinapyl alcohol (syringyl alcohol). Alkyl-aryl, alkyl-alkyl, and 
aryl-aryl ether bonds link these phenolic compounds together (Figure 2.4). The alcohols have 
different functional groups attached to them and alter the lignin structure significantly during the 
isolation process.27 At present the utilization of lignin for producing value-added products is a 
crucial element for realizing a budget friendly biorefinery.29 Lignin fibers and its use as an 
expander in lead storage batteries are potential applications of isolated lignin.30, 31 
2.2.Structure of plant cell walls 
 
Plant cell walls are hierarchically organized, starting from polysaccharide components of 
biopolymers.32 The two main forces that guide the arrangement of polymers are molecular level 
interactions and spatial organization. Despite the recent progress on cell wall composition, our 
knowledge on the microstructure of plant cell walls remains limited. In the next section the main 
aspects pertaining to the plant cell walls are discussed. 
Cell walls are an important characteristic feature of plants capable of performing a variety of 
functions, such as provide mechanical strength, serve as exoskeleton to provide shape and 
withstand high turgor pressure, and function as diffusion barrier.33 To perform such varied 
functions, over the years plant cell walls have evolved into a complex and dynamic system.  





























































2.2.1 Primary cell wall 
 
Primary cell walls are present in young growing plants (young leaves, root tips or shoots). It is 
composed of cellulose (25%), hemicellulose (25%), pectin (35%) and 1-8% structural proteins on 
a dry weight basis.34, 35 Primary cell walls also contain significant amount of water.36 Cell adhesion, 
signal transduction, and cell wall structural integrity are some the main functionalities of primary 
cell wall.34 Cellulose embedded in matrix polysaccharides and glycoproteins are the main 
components of primary cell wall.35  
Primary cell wall assembly  
One of the earliest interpretations of primary cell wall was of that of macromolecular composite 
of covalently linked domains.37 The idea of covalent or non-covalent interactions between 
polymers is central to any model, as many of the matrix molecules of wall polymers are soluble in 
aqueous medium but the cell wall itself is not. Thus, later models focused on understanding the 
extent of covalent interactions between the polymeric components.  
 To account for the mechanical extensibility and flexibility, the early matrix model was replaced 
with the much widely accepted “tethered model”.38-41 As per the tethered model, hemicellulose 
(xyloglucan or arabinoxylan) binds strongly to cellulose microfibrils (coating them) and functions 
as a cross linker between two cellulose microfibrils. The evidence for such tight network was 
realized from a sequential extraction process. The residual wall material was found to contain 
glycosyl residues that are representative of both cellulose and hemicellulose, suggesting a strong 
association between these macromolecules.  
 The tethered model was called into question when multidimensional solid-state NMR studies 
(ss NMR) indicated that only a small proportion of xyloglucan was in contact with cellulose.42 
Additionally, an Arabidopsis double mutant that lacked xyloglucan in cell wall exhibited only 
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slight alteration in growth. When biomechanical studies were performed on the mutant cell walls, 
the creep essays did not show significant alteration. The cell walls of the mutants were more 
sensitive to treatments that removed pectin and xylan, implying a prominent role for polymers 
other than xyloglucans.43 A more recent opinion is that cell wall pectin is linked more extensively 
to cellulose than xyloglucan. Few NMR studies have confirmed close proximity of pectin and 
cellulose. When up to 40% of pectin were removed, NMR data implied a close contact between 
cellulose and pectin suggesting the interaction between pectin and cellulose to have a more 
functional role. Further evidence from in vitro experiments confirmed association of pectins (with 
arabinan and galactan) with cellulose sidechains.44 Another study confirmed the covalent 
interactions between pectin and cellulose utilizing bacterial cellulose.45 The reason for the 
association was hypothesized due to non-covalent and physical entrapment between bacterial 
cellulose and pectin. More recently, pectin and xyloglucan interactions were confirmed by ss 
NMR.46 The tethered model versus the new model of primary cell wall are shown in figure 2.6. 
 In the past five years, by focusing on the concepts of cell wall softening and extension as two 
distinct phenomena, great progress has been made to understand the structure of primary cell 
wall.47 When cell wall degrading enzymes that remove cellulose were utilized, cell wall softening 
but no extension was observed.48 On the other hand, when cell walls were treated with 
xyloglucanase and cellulase, there was increase in cell wall extension, but no softening was 
observed.49 Atomic force microscopy (AFM) was utilized to show the viscoelasticity of the matrix 
as the basis of cell wall enlargement.50 More studies on cell wall creep assays continue to provide 
evidence for plant cell wall models.51 The current version of the primary cell wall structure is 




   
 
Figure 2. 6. Cartoon of tethered model (A) of primary cell wall. Xylogulcans (thin black strands) 
bind to surface of cellulose (thick red rods). (B) Revised cartoon of primary cell wall (right). The 
thick lines are cellulose fibrils and thin black lines are xyloglucan. The black dashed line 
(highlighted with gray circles) shows the load bearing xyloglucan acting as the molecular binders 









Figure 2. 7. The current version of primary plant cell wall developed based on the AFM, 
mechanical studies of cell walls, solid state NMR and field emission scanning electron microscopy. 
Cellulose microfibrils are represented as thick rods with hydrophobic (blue) and hydrophilic 
(orange). Pectins (yellow) with coiled structures fill the space between cellulose microfibrils and 
bind to hydrophilic surface of cellulose. Xyloglucan is found in two different conformations: 





















2.2.2. Secondary cell wall  
 
 Secondary cell walls provide strength and rigidity to plant tissue and are formed inside of the 
primary cell wall.52 They are made of higher amounts of cellulose and large amount of lignin, 
accounting for almost 60 % of the secondary cell walls. A variety of cross links is present between 
lignin and other cell wall polysaccharides, referred to as lignin carbohydrate complexes (LCC’s).53 
Based on the woody species secondary cell walls hemicelluloses include xylans glucuronoxylans 
and glucomannans. In addition to these polymers, secondary cell walls also contain glycosylated 
proteins and small amounts of minerals.  
 Secondary cell wall assembly 
Similar to primary cell walls, secondary cell walls have a composite structure with cellulose 
surrounded by the matrix polymers, i.e., hemicellulose and lignin, which is absent in the primary 
cell walls.54 Secondary cell walls are critical for plant growth and development. These type of cell 
walls are present in conducting tissues of plants playing a main role in the transport of water and 
nutrients. Lignin mainly provides mechanical strength and cell wall rigidity for the secondary cell 
walls. Arabinoxylan, xylan, glucoronoxylan and glucomannans make up the hemicelluloses of 
secondary cell wall. In contrast to the primary cell wall, secondary cell walls have lower water 
content and cellulose fibers are oriented with directionality. Secondary cell walls are further 
divided into S1, S2 and S3 layers. Based on the viscoelastic and viscoplastic behavior of wood it 
is estimated that, similar to biomechanical spots in primary cell walls, loosely aggregated cellulose 
microfibrils are coated with disordered regions of hemicellulose and lignin in secondary cell 






















2.3. Lignin carbohydrate complexes (LCC’s)  
 
In the context of plant cell wall structures a discussion on lignin carbohydrate complexes 
(LCC) is warranted. The proposed structures of plant cell wall imply that the biomass polymers do 
not exist in their own domain. The physical and chemical interlocking of polymers results in the 
formation of different kinds of lignin-carbohydrate bonds, a specific subset of these bonds is 
speculated as the basis for the existence of lignin carbohydrate complexes (LCC).58 Five different 
kinds of bonds are suggested between lignin and carbohydrates of plant cell wall namely, phenyl 
glycosides (PG),59-63 benzyl ethers (BE),64-68 𝛾-esters (GE),65,69-72 ferulate/coumarate esters 
(FE/CE) 73-81 and hemiacetal and acetal linkages 82 (Figure 2.9). Low yield of milled wood lignin, 
the presence of residual lignin in sulfite pulps and delignified softwood kraft lignin suggest that 
lignin might be covalently bound to sugars of biomass. 83, 84 In addition to milled wood extraction, 
acid and alkali hydrolysis methods have been beneficial in understanding LCC’s. 85, 86 Although 
hydrolysis methods are useful, the native structure of LCC is lost during the process having been 
modified either to a sequential or selective extraction methods.87 Liquid state 2D NMR has been 
one of the most effective tools by far to gain insights into LCC structure. 88-90 More recently, 
biomimetic synthetic approach of lignin has been beneficial in understanding LCC’s structure as 
well.91 When a lignin analogue commonly known as dehydrogenation polymer (DHP) was 
synthesized in presence of glucuronoxylan, an NMR signal indicative of the presence of 𝛾-ester 
was observed. However, a similar ester signal was not noted in presence of glucuronic acid.92 
Despite several indications, the existence of LCC’s cannot be confirmed due to the multi-length 
scale and complex nature of plant cell walls that pose as a major barrier for isolation protocol.  
Additionally, low resolution of current techniques is the another limiting factor to gain insights 
into native LCC structure. 
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Figure 2. 9. The five different types of LCC’s proposed in the woody biomass and grasses. PG = 














2.4. Lignocellulosic biomass pretreatment 
 
 The amorphous matrix polymers, hemicellulose and lignin surround cellulose microfibrils and 
impart plant its natural recalcitrance. Thus, to gain access to cellulose several thermochemical 
pretreatment methods have been developed. For efficient breakdown of the extensive network 
present in lignocellulosic biomass, a wide range of solvents can be employed. The physio-chemical 
change brought about by the use of either a chemical or mechanical process is known as 
pretreatment. The key objectives of pretreatment are to 1) gain accessibility to cellulose which can 
be further converted into sugars by enzymatic hydrolysis along with its crystallinity reduction, 2) 
remove lignin for further processing, and 3) hydrolyze hemicellulose for further fermentation. 
 Kraft pulping, a form of chemical pulping, is the oldest known form of chemical treatment of 
lignocellulosic biomass. In this process, wood chips are treated with aqueous sodium hydroxide 
and sodium sulfide at 170 °C for 2 h. Lignin is chemically modified by the hydroxides and 
hydrogen sulfide ions into the water-soluble fraction.93 The residual liquor obtained during the 
process is known as “black liquor”, a solution containing lignin, sulfated compounds, sodium salts 
and hemicellulose-derived molecules. Production of high value products from this black liquor is 
difficult due to two main reasons. The exact composition of the black liquor is difficult to 
determine and a multistep separation process is necessary to remove waste leading to low yields 
of lignin. Therefore, the primary use of the liquor has been for combustion purposes and the 
recovery of the process chemicals. High energy consumption, low cellulose pulp yields and lack 
of hemicellulose recovery are the major drawbacks of the kraft pulping process. Many other 
pretreatment approaches have since been developed and have been classified into four broad 
categories of physical, chemical, physiochemical and biological pretreatments. A few examples of 
each kind are listed in Figure 2.10. 
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2.5. Lignocellulosic biomass fractionation 
 Most of the pretreatment methods are designed around cellulose accessibility for biofuel 
production. However, lignocellulosic biomass polymers have potential to be utilized as value 
added products and chemicals, similar to the utilization of crude oil. Therefore, existing 
pretreatment techniques were modified to obtain all the three major polymers of biomass either in 
their native form or as fractions by the process known as fractionation. Aliphatic/aromatic alcohols 
(organosolv),  -valerolactone, tertahydrofuran and ionic liquids are examples of solvents 
commonly used for fractionation. In addition to being designated to as biomass fractionation these 
processes are referred to as solvent liquefaction or modern pretreatment technology. In the 
following section important details and specific differences between these solvents are presented. 
2.5.1. Organosolv  
 Organosolv fractionation process uses aqueous organic solvents along with catalytic amounts 
of acid to separate lignocellulosic biomass components into two main streams: cellulose and lignin. 
Organosolv process is versatile where aliphatic (ethanol and methanol), aromatic (phenol), and 
polyols (glycerol) are used. During the process, a cellulose-rich fraction, a lignin fraction, and a 
water-soluble fraction containing sugars (mainly hemicellulose-based sugars), acid soluble lignin, 
carbohydrate degradation products, organic acids, and other components are obtained. Lignin 
isolated during the process can be transformed into high value chemicals. However, hemicellulose 
is not recovered through the process as it is associated with other degradation products in the water-
soluble phase. Ethanol and methanol are most commonly used alcohols for organosolv process.94 
More recently n-butanol and acetone are also used for organosolv process to extract high purity 
fraction lignin.95, 96 
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 To address the shortcoming of hemicellulose recovery in traditional organosolv method, Black 
and co- workers at National Renewable Energy Laboratory (NREL) used methyl isobutyl ketone 
(MIBK) along with aqueous alcohol to isolate all three polymers of biomass under “Clean 
Fractionation” (CF) technology.97 During the CF process biomass is treated with a ternary solvent 
mixture (MIBK, ethyl alcohol and water) in the presence of an acid catalyst. Lignin and 
hemicellulose are extracted into ternary solvent layer, leaving cellulose as undissolved solid. In 
the subsequent step, when the organic phase is treated with water, hemicellulose is precipitated 
out leaving organic lignin portion.98 The acquired hemicellulose fraction can be utilized for 
synthesis of chemicals such as furfural. Although, the organic solvents utilized in this organosolv 
process are either available as bulk commodity chemicals or can be procured as products from 
renewable sources, prohibitive costs, low energy efficiency and corrosion issues continue to be the 
major roadblocks that limit large-scale adoption of organosolv process.  
2.5.2. -valerolactone  
 -valerolactone (GVL) is a cyclic ether with 5 carbons (valero).99 Similar to alcohols used in 
the organosolv process, GVL is stable at room temperature and can be synthesized from levulinic 
acid, a product of cellulose. Horvath has performed preliminary studies on GVL, wherein its utility 
as green processing solvent was showcased.100 In 2014, Luterbacher and colleagues have 
developed a lab scale set up using GVL to isolate sugars from biomass.101, 102 With 80/20 
GVL/water in presence of catalytic amounts of mineral acid (0.05% sulfuric acid) 90-95% of 
biomass polysaccharides were recovered as furfural, 5-hydroxymethyl furfural and levulinic acid. 
Further, for all the three types of biomass utilized in the study, the 80/20 GVL/water system 
achieved >80% C5 and C6 sugar isolation without any need for additional separation processes.101   
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2.5.3. Tetrahydrofuran  
 THF is a polar ether that can be sustainably produced from furfural, a product of hemicellulose. 
In earlier research THF was used as a solvent to dissolve kraft lignin and methylated lignin. Similar 
to GVL water system, THF water system was developed to fractionate biomass efficiently at lower 
temperature. Briefly, in a cosolvent enhanced lignocellulosic fractionation (CELF), THF water 
mixture with minor amount of acid (<0.05%) fractionates biomass to recover about 80-90% lignin 
and >95% hemicellulose sugars in solution.103, 104 The remaining solids are converted into sugars 
in high yields. The fractionation process is likely the result of varied chemical and physical 
interactions similar to the ones noted for GVL-water system. Studies using molecular dynamic 
simulations revealed that THF functions as a good solvent towards lignin unlike water.105 Further, 
it was also hypothesized that THF-water system facilitates cellulose separation by increased 
contact with the cellulose hydrophobic surface. 
2.5.4. Ionic liquids 
Ionic liquids (ILs) are the other set of fractionation solvents utilized in the field of biomass 
processing. ILs are liquid salts and they have unique properties such as low vapor pressure, high 
boiling point and high thermal stability. Several different combinations of ILs have been utilized 
for dissolution of either biomass or individual polymers (cellulose and lignin). It is believed that 
ILs bring about dissolution by disrupting the network of H-bonds.106, 107, 108, 109 Similar to GVL, 
IL solvents reduce the activation energy barrier for hydrolysis of crystalline cellulose.  
In summary, the complex and reinforce structure of lignocellulosic biomass necessitates a 
“pretreatment” method. The classic pretreatment methods are centered around lignin separation 
and carbohydrate extraction.  This initial approach is replaced with the concept of isolating and 
valorizing all three main polymers simultaneously. Modern pretreatment methods using THF, 
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GVL and ILs offer an innovative route for biomass polymer separation and utilization. However, 
both THF and GVL suffer from the drawbacks associated with safety and sustainability issues. ILs 
on the other hand offer an environmental benign option for biomass processing under milder 
processing conditions.  Owing to these advantages, going forward the reminder of the thesis will 
only focus on IL biomass processing technologies.  
2.6. Lignocellulosic biomass and ionic liquids 
 ILs are liquid salts with organic natured cation and either organic/inorganic based anion. Due 
their unique composition, ILs have properties of solids such as low vapor pressure and high thermal 
stability but with ability to flow like a liquid.110 The physical properties of ILs are manipulated by 
altering constituent anions and cations. ILs have a variety of applications in the fields of 
pharmaceuticals, energy storage (batteries) and membrane filtration, to cite a few.111, 112, 113 So far 
in the literature over 300 unique ILs have been reported.114 By altering physiochemical parameters 
such as time and temperature, ILs can be utilized in the field of biomass processing for 
pretreatment, fractionation, activation, and complete dissolution for product production (Figure 
2.11). 
2.6.1. Pretreatment of biomass in ionic liquids 
 
 ILs have been utilized for chemical pretreatment of biomass at temperatures above 100 °C. 
Similar to other pretreatment options such as dilute acid, IL pretreatment is used to separate lignin 
and hemicellulose from cellulose.115 The major changes brought about by IL pretreatment are 
reduction in cellulose crystallinity, increase cellulose accessible surface area, increased cellulose 





















Lignocellulosic biomass in ionic liquids
Pretreatment
• Temperature >100 ˚C
• Increase of biomass 
porosity
• Reduction of cellulose 
crystallinity
• Partial hemicellulose and 
lignin removal
Activation
• Temperature < 100 ˚C
• Minimal alteration of 
biomass structure
• Deacetylation of biomass
Dissolution
• Temperature >/<100 ˚C
• Uniform solution phase of
IL biomass system
• Subsequent biomass 
processing using catalysis
• Direct product production
Fractionation
• Temperature >100 ˚C
• Selective removal of 
cellulose/lignin from 
biomass
• Production of fuels and 
chemicals from isolated 
cellulose and lignin
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When IL pretreatment was compared with the most commonly used dilute acid pretreatment 
(DAP) it was observed that IL-pretreated biomass was far less crystalline than dilute acid 
pretreated biomass. The authors speculated that IL was more effective than dilute acid due to 
specific cation-anion interactions with biomass.115, 117 More recently, using small angle scattering 
techniques finer structural details such as alteration of surface roughness after pretreatment was 
estimated.118 ILs such as 1-ethyl-3-methylimidazolium acetate ([EMIM]acetate), 1-allyl-3-
methylimidazolium acetate ([AMIM]acetate) and 1-butyl-3-methylimidazolium chloride 
([BMIM]Cl) are frequently used for biomass pretreatment.119, 120 Acetate set of ILs are found to be 
most efficient in dissociating cellulose from biomass, although the true nature of these favorable 
interactions remains unresolved.119 Similar to other chemical and biochemical pretreatment 
methods, IL pretreatment of biomass mainly targets isolation and conversion of cellulose fraction. 
Additionally, due to high temperatures (>150 °C) residual hemicellulose and lignin fractions are 
severely depolymerized, thus hampering their utilization. In recent times a milder version of IL 
pretreatment known as IL activation has gained momentum. 
2.6.2. Activation of biomass in ILs 
 
 IL activation is similar to pretreatment with one major distinction in the processing 
conditions.121 IL activation is generally performed at temperatures below 100 °C. During the 
activation process, biomass (5-10 wt.%) is dissolved and stirred in IL for a specific amount of time 
(3-6 h). The activated biomass is regenerated almost in its entirety upon addition of anti-solvent 
such as water, thus preserving the carbon content during the process. Acetyl groups of 
hemicellulose are cleaved during the process, with minimal changes to lignin structure.122 The 
regenerated biomass is then subjected to enzymatic saccharification for isolation of sugars and 
lignin with minimal loss of either hemicellulose or lignin. Although the mono sugar yields are high 
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after the saccharification step, the amount of water needed to regenerate the biomass drives the 
cost of IL- activation process significantly higher. 
2.6.3. Fractionation of biomass in ionic liquids 
 
 Biomass fractionation through ILs is targeted to achieve the isolation of all three components 
of biomass in high purity by employing a multistep approach.123, 124 Utilizing autohydrolysis, IL 
activation and enzymatic saccharification, Wang et al. isolated high purity (>90%) lignin.125 De 
costa Lopes et al. performed pretreatment and fractionation of wheat straw (5 wt%) using 
[EMIM]acetate.126 Complete dissolution of wheat straw was achieved at 110 °C/120 °C in 6 h. To 
the dissolved mixture, sodium hydroxide was added to separate out the carbohydrate solid fraction 
from lignin. To isolate hemicellulose and cellulose from the solid fraction two additional extraction 
steps were needed. The isolated biomass polymers could be used either for ethanol production or 
for the synthesis of value-added products and chemicals.127, 128 Currently, IL fractionation coupled 
with either acid hydrolysis or dehydration is used to isolate and utilize all the three main 
biopolymers of biomass.129, 130 Although, IL fractionation technique ensures the recovery of all 
three biopolymers, the multistep approach hinders the product yields also contributing to additional 
costs. 131  
2.6.4. Dissolution of lignocellulosic biomass in ionic liquids 
 
 The fourth way in which ILs are used for biomass processing is for complete dissolution, i.e., 
uniform one phase system of biomass-IL solution, which allows for direct product processing such 
as films and fibers to be utilized in textile and packaging industry.132 ILs are known to efficiently 
disrupt the hydrogen bonds in ILs, thus aiding in completer dissolution of biomass. The primary 
advantage of complete dissolution is the aspect of preserving the carbon content of biomass. 
Although, the low mass loadings of the process continue to limit the efficiency of the process. 
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 In 2002, dissolution of cellulose and cellulose derivatives was observed in a series of 1-butyl-
3-methylimidazolium ILs with various anions at 100 °C.110 Scanning electron micrographs of 
regenerated cellulose revealed a significant morphological change with increased roughness of 
surface and conglomeration of fibers. Thin fibers and rods were prepared from the cellulose/IL 
solution in aqueous medium. The authors hypothesized that chloride anion ILs were most effective 
in dissolving cellulose due to disruption of existing H-bonds in cellulose with new chloride 
hydroxyl H-bonds. In a following study performed by Zhang et al. a new IL 1-allyl-3-
methylimidazolium chloride [AMIM]Cl was shown to dissolve up to 14.5% cellulose at 80 °C.133 
X-ray diffraction characterization of cellulose films revealed a significant reduction in crystallinity 
of cellulose and conversion of cellulose I to cellulose II, suggesting disruption of intra and 
intermolecular H-bonding in cellulose during dissolution process.  
 As the bulk of cellulose on earth is trapped in biomass, dissolution of biomass in IL would be 
beneficial as was demonstrated in the study performed by Fort et al.106 Partial dissolution of 5 
wt.% woody biomass in 1-butyl-3-methylimidazolium chloride [BMIM]Cl was observed at 100 
°C for varying time lengths (2-24 h). 13 C NMR spectroscopic data of biomass revealed the 
dissolution of cellulose, lignin and hemicellulose. The cellulosic fraction of the biomass was 
regenerated upon the addition of an acetone-water mixture. The morphology of the cast cellulose 
films was similar to films cast from cellulose IL solutions. Complete dissolution (up to 8% w/w) 
of fine saw dust particles (0.1-2mm) was observed in [BMIM]Cl and [AMIM]Cl.112 In addition to 
these two ILs, a new IL, 1-benzyl-3-methylimidazolium chloride [BZMIM]Cl, was shown to 
exhibit superior solubility which was reasoned to - interaction between the aromatic benzyl ring 
of the IL and the aromatic rings of lignin. A subsequent step of acetylation of biomass confirmed 
the dispersion of wood/biomass in IL. IL-regenerated biomass exhibited enhanced enzymatic 
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saccharification rate. Although the chloride anion ILs exhibit superior solubility capacity, these 
ILs are highly viscous and corrosive thus prompting the researchers to synthesize new class ILs.  
 Dissolution of different sized (0.125-1 mm) biomass (hardwood and softwood) was observed 
at 110 °C for 16 h in a new IL, 1-ethyl-3-methylimidazolium acetate ([EMIM]acetate).134 Further 
when chloride IL [BMIM]chloride was compared with [EMIM]acetate, [EMIM]acetate was found 
to dissolve more biomass at identical processing conditions (98.5% vs 52.6%). Similar to previous 
studies cellulose rich fractions were regenerated from the IL-biomass system upon anti-solvent 
(acetone/water) addition. X-ray diffraction and scanning electron micrographs indicated a 
reduction in cellulose crystallinity. The superior solubility of [EMIM]acetate was surmised to the 
high basicity/ H-bond acceptor ability of the acetate anion when compared with chloride anion. 
Ease of synthesis, lower viscosity (compared with chloride ILs) and high solvating ability 
(cellulose and biomass) of [EMIM]acetate resulted in its extensive utilization in the field of IL 
processing.  
 The above studies illustrate that dissolution of biomass in ILs is a complex phenomenon with 
consequences such as dissolution/loosening of rigid network between the three main polymers, 
reduction in cellulose crystallinity and increase of surface roughness or porosity. The dissolution 
process is influenced by several physicochemical properties of ILs (viscosity, thermal stability) 
and various process criteria (biomass particle size, temperature/time effect), few of which are listed 
below. 
2.7. Process criteria influencing biomass dissolution 
2.7.1. Biomass type 
 
 Lignocellulosic biomass is broadly classified into three varieties: hardwoods, softwoods and 
grasses. The distinction between hardwoods and softwoods is not only based on botanical 
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differences, but also anatomical. Hardwoods have lesser amount of lignin compared to softwoods 
hence the lignocellulosic matrix of softwoods is more difficult to deconstruct than hardwoods with 
common organic solvents. Grasses like wheat straw, barley straw and cane bagasse have an extra 
layer of cell wall, strengthening the cell wall structure further. Initial cellulose dissolution studies 
were followed by dissolution of other polymers such as xylan, dextrose, and chitin. 135, 136 Rice 
straw,137 switchgrass,138 rice husk,139 sugarcane bagasse,140 Japanese beech141 and corn stover 142 
to name a few, exhibit solubility in variety of ILs suggesting the scope of these unique solvents.  
2.7.2. Biomass particle size 
 
 Prior to dissolution of biomass in IL, size reduction of biomass is necessary as large pieces of 
wood take several weeks to dissolve.106, 112 Theoretically the dispersion of IL would be much faster 
when the biomass particle size is smallest where surface area for IL dispersion is maximum.  
However, a study performed on dissolution of different particle sizes of rice straw suggested that 
there is an optimum size for maximum dissolution.137 In a comparative study between ILs, 
[EMIM]acetate and [EMIM]chloride on different sizes of cotton stalks, it was observed that cotton 
stalk of small sizes were soluble in chloride IL while larger ones dissolved in acetate ionic liquid, 
suggesting varied action of the ionic liquids.143 These studies thus, indicate that every IL may have 
an ideal biomass particle size at which interaction between the biomass and the IL is at an optimum 
level resulting in dissolution.  
2.7.3. Water content in biomass and ionic liquids 
 
 One of the main drawbacks of ILs is that the majority of them are hygroscopic in nature. Vitz 
et al. monitored the effect of water content in ionic liquid towards dissolution and suggested 
aggressive drying of IL as a crucial first step for biomass dissolution.144 Water content greater than 
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1% was found to strongly alter biomass dissolution. Along with ILs, biomass naturally contains a 
certain amount of water. Therefore, proper drying of biomass is recommended.  
 Chloride ILs are highly hygroscopic and thorough drying ensures a free anion available co-
ordination with OH of cellulose thus, resulting in dissolution. On the other hand, if carboxylate 
ILs have high water content they would not have the H-bond acceptor capable of dissolution. 
However, recent studies suggested that ILs with 10-20% water content during pretreatment of 
cellulose are acceptable.145 A more recent study exploring the nature of interactions between IL/ 
water system during the pretreatment process indicated that the action of 100% IL is similar to 
IL/aqueous system containing 50% or 80% of IL. It was observed that the proportion of IL to water 
determines the cellulose solubility, lignin/hemicellulose removal, cellulose accessibility, and 
enzyme digestibility.146 Utilizing MD simulations, it was speculated that at higher water 
concentration the interaction energy of IL-water dominates over the IL-cellulose interactions thus, 
negatively affecting dissolution process.147 More studies are underway to explore the true nature 
of interactions between IL and biomass in presence of water. 
2.7.4. Solid to liquid ratio  
 
 The two main factors of biomass that determine the amount of biomass that can be dissolved 
in ILs are the chemical composition and the recalcitrant nature of biomass. Furthermore, amount 
of water in the biomass also determines the amount that can be accommodated in IL at specific 
conditions.  When Sun et al. studied different concentrations of biomass in [EMIM]acetate, 5 wt. 
% solution was found to be optimal amount of biomass capable of diffusing in IL without any 
overcrowding problem.134 In addition, agitation of biomass becomes difficult as the mass 
percentage increases. High temperatures and sonication treatments are recommended for highly 
viscous high mass load solutions. For corn stover, maple wood flour, poplar and switchgrass the 
 51 
ideal solid liquid ratio of 33% (w/w) in IL [EMIM]acetate was proposed.148 The authors 
hypothesized that at this ratio there are enough number of anions to co-ordinate with the hydroxyls 
of cellulose to bring about dissolution. More studies are underway to determine the optimum solid-
liquid ratio for different natured biomass in various ILs. 
2.7.5. Temperature and time influence 
 
 Temperature versus time used for dissolution is a delicate balance for achieving efficient 
dissolution of biomass in ILs. High temperatures for less time or mild temperatures for longer 
times theoretically should result in similar results. But past work done in this regard yielded mixed 
results which in part could be explained on the basis of possible degradation of cellulose and 
hemicellulose at high temperature.149 Nguyen et al. reported increased solubility of rice straw in 
[EMIM]acetate for the first 24h at 130 °C, but after 48h the amount of regenerated cellulose 
decreased.150 Along with cellulose degradation, IL stability and potential side reactions must also 
be considered when processing conditions extend into days. A linear increase in glucose recovery 
along with increased lignin solubility and higher diffusion rates of IL ([BMIM]chloride) were 
reported when temperature was increased from 60°C to 100°C for oil palm frond.151 When wood 
powder was pretreated with [EMIM]acetate with varying times, the amount of extracted lignin 
increased from 40% (5h) to 85% (70h).152 However, the amount of lignin extracted to cellulose 
degradation to diffusion rates of IL are implicitly related to the nature of biomass under study. 
Consequently, a systemic study showing the effects of variation in time and temperature for 
various ILs would help us answer some outstanding questions about biomass dissolution in ILs.  
 In conclusion, owing to the structural complexity of biomass, a significant number of factors 
influence the dissolution/dispersion of biomass in ILs. As the IL biomass processing field 
continues to evolve, the variability among these parameters will be better understood. In addition 
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to these process criteria, IL physical characteristics also influence the process of IL biomass 
dissolution. Three such factors are highlighted in the section below.   
2.8.  Physicochemical characteristics of IL influencing biomass dissolution 
2.8.1. Viscosity 
 
 Understanding the physical properties of IL is critical as it can help us understand the nature 
of intermediate species present during the dissolution process. Viscosity, density and refractive 
index are few of the properties that can help us understand the ability of IL to facilitate mixing and 
phase separation. Viscosity of IL is a complex property dependent on a variety of factors.153 Due 
to H-bond interactions between IL ion pairs, nano-sized domains are formed in ILs, effectively 
altering their fluid behavior.154 Therefore, the fluid behavior of ILs is not only the result of the 
dispersive coulombic interactions but also due to the interactions between the nano-domains. 
Additionally, Van der Waals interactions between alkyl side chains give rise to viscous aggregates, 
further altering the fluid behavior of ILs.155 In addition to the complex structure of ILs, owing to 
under reporting of the water and halide content and other contaminations during synthesis process 
in general, the reported viscosity values of the same set of ILs are not consistent across the 
literature. 133, 156 
 Viscosity of ILs is sensitive to variation in molecular weight of solute, water content, halide 
content and solute concentration. As solute (cellulose/biomass) comes in contact with IL, swelling 
of solute molecules alters the viscosity of the IL. Temperature is another parameter that greatly 
alters the viscosity of ILs. For example, when processing temperature is increased by 10 °C, the 
viscosity of most ILs reduces by 50%.157 Viscosity is also altered by anion/cation combination and 
nucleophilicity of anion. Chloride ILs are highly viscous when compared with acetate, formate 
and phosphonate ILs. The higher viscosity of chloride ILs is attributed to the substantial network 
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of H-bonds between the ion pairs. Despite this fact, most chloride ILs have high dissolving 
capacity towards cellulose and biomass; (cellulose solubilities: [BMIM]chloride >24 wt.%, 
[AMIM]chloride >20 wt.%, [EMIM]acetate>27 wt.% and [AMIM]formate> 20 wt.%) .135 ILs are 
highly hygroscopic in nature. As with any viscous system, when water content increases, viscosity 
of IL decreases. However, using theoretical calculations it was shown that the reduction in 
viscosity is not linear, but three distinct regimes of varying viscosity exist for most ILs. Allyl side 
chain containing ILs such as [AMIM]formate and [AMIM]acetate have low viscosity compared 
with ethyl side chain containing ILs.156 It is speculated that the free rotation of allyl side group is 
the probable reason for low viscosity.  
 Viscosity is one of the most frequent physicochemical characteristics used to discern the 
macroscopic solubility trends of ILs. Generally, based on the principle of mass transfer, it can be 
assumed that low viscous ILs will exhibit high solubility rates. Overall, the trend holds good with 
one exception of chloride anion ILs, such as [AMIM]chloride and [BMIM]chloride which exhibit 
exceptional solubility towards cellulose and biomass.110, 133 This observation implies that, when 
solubility behavior is correlated to viscosity of IL, the water content of IL and a detailed chemical 
profile are necessary to ascertain the validity of result. Further, the exception also implies that 
solubility of biomass or its constituent polymers is brought about by a conglomerate of microscale 
interactions in conjunction with physical parameters such as viscosity.  
 More recently, research efforts are directed towards understanding the rheological behavior of 
cellulose-IL and biomass-IL solutions in order to identify suitable IL for direct product processing. 
Despite the complicated set of variables influencing viscosity of individual ILs, the behavior of 
cellulose/biomass IL solutions follows the basics of polymer physics i.e., with gradual increase of 
biomass/cellulose, shear thinning behavior and steady increase of viscosity are observed.158, 159 
 54 
The viscosity of biomass-IL solutions is significantly higher than simple cellulose-IL solutions. 
The complex architecture of biomass is cited as the reason for the increased viscosity and limited 
flow behavior. In recent times, ternary setup with polar aprotic solvents such as dimethyl sulfoxide 
(DMSO) along with ILs is adopted for spinning of fibers from cellulose-IL solutions.160 
2.8.2. Cation and anion combination 
 
 Perhaps the most unique feature of ILs is their composition, which is made of ions in entirety. 
Tetraalkyl ammonium, 1,3 di-alkyl imidazolium, pyrrolidium and tetraalkyl phosphonium cations, 
and halides, phosphonates, carboxylate/carbonate (acetate and formate) anions are the most 
commonly used combinations of ILs in the field of biomass processing. The traditional method of 
preparation for halide ILs is by combining alkyl halide and N-methyl imidazole, while 
carboxylate/carbonate ILs are synthesized via a metathesis reaction following ion exchange from 
halide ILs.133 However, more recently, alkyl carbonate based synthetic route known as CBILS ® is 
gaining ground for synthesis of carboxylate ILs. 161 
 Since the early report of cellulose dissolution in chloride ILs, understanding the roles of IL 
anion and cation has been the subject of many studies. As most of the IL anions are conjugate 
bases, their preferred mode of interaction is via a H-bond. In fact, it is due to the H-bond forming 
ability of ILs that the existing network of inter and intra chain H-bonds of cellulose/biomass is 
disrupted.110 A linear relationship between anions of high H-bond basicity and high 
cellulose/biomass solubility further confirmed the role of H-bond interaction as the primary reason 
for dissolution. 162   
 The role of cation remains an actively contested topic in the field of IL biomass processing. As 
primary and secondary plant cell walls have both hydrophobic and hydrophilic functional domains, 
the claim that only polar H-bonds as the only reason for dissolution cannot be valid. In addition to 
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the structural details, the variable action of the same anion with two different cations also implies 
that IL dissolution process could be influenced by both the cation and anion of ILs.112 A quick 
literature review reveals that IL cation is assigned either a direct or a supporting role during IL 
dissolution. For example, using cellulose model compounds, formation of carbene intermediate 
species via cation was proposed.163 However, in the case of cellulose IL systems carbene 
intermediates were not observed.  Zavrel et al. speculated that the cations perform a supporting 
role of stabilizing H-bond (between anion and hydroxyl groups of cellulose) without offering 
significant experimental evidence.164 Additionally, an “odd-even” effect of side chain on cation 
was reported, where cations with even numbered side chain have a participatory role in dissolution 
process when compared with odd numbered side chains.165  Allyl side chain with odd number of 
carbons (3) proved to be an exception to this rule.133 Therefore, understanding the specific role of 
IL cation continues to be actively a researched topic in the field of IL-biomass processing. 
2.8.3. Solvation properties (Kamlet-Taft parameters) 
 
 Macroscopic solvent properties such as density and refractive index, microscopic 
intermolecular forces such as dipole-dipole interactions or electron pair acceptor – electron pair 
donor interactions and solvation ability are commonly referred to as polarity of solvents. By 
measuring the polarity of solvent, one will be able to understand the strength of interactions 
(solubility) between solvent and solute. Reichardt’s ET (30), Kamlet-Taft and Hildebrand are 
commonly used polarity scales for solvents.166 In case of ILs, Kamlet-Taft parameters are the most 
commonly used and are made of three terms: 
• *-Dipolarity/ polarizability effects  
• -Hydrogen bond donor  
• -Hydrogen bond acceptor  
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 Kamlet-Taft parameters are obtained by measuring the absorbance values of ILs by adding 
dyes such as 4-nitroaniline and N, N-diethyl-4-nitroaniline.167  value is the measure of H-bond 
donating capacity of cation and  value represents the H-bond accepting ability of anion. The 
higher the values of  and  the greater the polarity of IL, and therefore the interaction/solvation 
ability of IL.  Overall, a linear correlation is obtained between ILs with high cellulose solubility 
and higher H-bond basicity of anion ( value).160 However, similar to viscosity and cation role 
there are exceptions to the correlation with chloride anion ILs as the most prominent examples.168 
No study thus far has been able to offer a rationale for the exception. The non-significant variation 
in  values of most commonly used cations also fail to explain the differences in 
interaction/solubility of ILs.162  
 The role of * is more complex, as the value is influenced by both the cation and anion. The 
pairing strength of IL is interpreted in terms of * value. Once again, a non-significant variation 
between the values makes it difficult to interpret and understand the differences between the ILs. 
In addition to IL ion pairs, alkyl side chain length on the cation is also shown to influence the ,  
and * values. 169, 170 The solvation parameters are therefore useful to understand the differences 
in the solubility capacity of only few ILs (example halide vs acetate/formate). Other experimental 
techniques are needed to understand more subtle differences between the ILs. Solvation parameters 
of some of the most commonly used ILs are listed in Table 2.3 adapted from references. 156, 162  
2.9. Characterization of interactions between ILs and biomass polymers  
 The common step among the various biomass IL technologies is dissolution. While in this 
solution state, IL ion pairs interact with various functional groups (hydroxyl, acetyl, methoxy) of 
biomass polymers. These atomic-level interactions are often reflected as measurable macroscale 
changes such as increase of cellulose pore size, swelling of cell wall, peeling of individual cellulose 
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fibers from microfibril, reduction of cellulose crystallinity, enhanced saccharification rates and 
deacetylation of hemicellulose.110, 111, 112, 116, 118, 140, 156, 171, 172, 173  In addition to the morphological 
changes, previous research has established that hydrogen bond (H-bond), Vander Waals, - 
stacking and electron donor acceptor complexes as some of the common type of interactions 
between biomass polymers and ILs.110, 156, 174, 175  
 The dissolution of biomass in IL is believed to induce changes locally and dynamically at a 
multiscale level. This process becomes more complicated, when changes in cellulose microfibril 
integrity and its interactions with hemicellulose and lignin must be accounted for at the same time. 
Hence, a suite of techniques spanning length scale from angstroms to microns are useful to gather 
the information on physical and chemical structural aspects of biomass. Our work has combined 
spectroscopic, scattering and rheological measurements to understand the interactions between ILs 
and biomass polymers. In the sections below fundamentals of each technique and their application 
in recent research are presented.  
 
2.9.1. Spectroscopic techniques 
 
 Spectroscopic techniques such as solution state nuclear magnetic resonance (NMR) and 
attenuated total reflectance (ATR) infrared spectroscopy (IR) are easily accessible powerful 
techniques useful in understanding interactions between biomass polymers and ILs. The main 
advantages of spectroscopic techniques are minimum sample preparation, easy data acquisition, 
interpretation and analysis. Using solution NMR, information on dynamics (relaxation time), 
diffusion rate and change in chemical environment (chemical resonance) of IL ion pairs can be 
obtained. On the other hand, ATR-FTIR is a useful technique to assess the changes in biomass by 
measuring the functional group vibration stretching frequencies.    
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Table 2. 2. Kamlet-Taft parameters of some common ILs 156, 162  
IL 
 (H-bonding donor 
ability) 




[EMIM]acetate 1.07 0.50 1.03 
[AMIM]chloride 0.83 0.46 1.17 
[BMIM]chloride 0.87 0.47 1.10 
[AMIM]formate 1.01 0.46 1.09 
[BMIM]acetate 1.09 0.55 1.03 
[AMIM]acetate 1.11 0.43 1.13 



























• Fundamentals of NMR  
 NMR is a physical technique and in simple terms it can be described as follows. When an 
atomic nucleus with odd proton number, placed in an external magnetic field, is subjected to radio 
wave perturbation (at appropriate frequency), then it absorbs the radiation. Due to this absorption, 
the atomic nuclei align themselves against the external magnetic field. Whenever such nuclei 
transition back to its state original state, the excess energy is dissipated as thermal relaxation. It is 
this transition that is noted as the NMR signal of the atomic nuclei. In order to be utilized for NMR 
experiments the radiofrequency needs to have the following characteristics: 1) A unique frequency 
for each nucleus (e.g., 1H, 13 C, 15N), 2) dependency on the chemical environment of the nucleus 
and 3) susceptibility to the spatial location of the external magnetic field especially if the external 
field is not uniform.176  
 The NMR parameter chemical shift or chemical resonance is the direct consequence of the 
unique radiofrequency (gyromagnetic ratio) of each atomic nucleus. However, it also turns out that 
within the same nuclei the resonance condition (the energy needed to flip the spin) is at different 
frequencies. The primary reason for the difference is due to the different local magnetic field 
experienced by each nucleus in the molecule.  
 The reason for the local magnetic field can be understood on the basis of the simple 
electromagnetic theory. If a molecule with nucleus of interest (1H/13C/15N) is put in the presence 
of an external magnetic field, electron currents perpendicular to the external magnetic field are 
created in the molecule (Figure 2.12). These currents create a small induced magnetic field that 
cancel out the effect of the external magnetic field and effectively shielding the nucleus. In general, 
this induced magnetic field is many magnitudes lower than the external field. In addition to the 
electronic currents directly around the nucleus, the molecule also has additional currents that 
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further increase the induced magnetic field. Despite these additional contributions the difference 
between the induced magnetic fields of nuclei of same atom are very small. Therefore, a reference 
signal is chosen, and the difference between the reference and position of nuclei of interest is 
measured as chemical shift or chemical resonance.177  
 The proton (1H) or carbon (13C) chemical shifts of IL ion pairs are a useful analytical tool to 
understand the change in chemical environment. Early on, in the field of IL research, it was 
realized that the chemical shifts of IL hydrogen/carbon atoms changed due to the IL anion 
composition, concentration of solute, alkyl group of IL cation and the solvent used to dilute IL.178 
By using regular and variable temperature (VT) 1H NMR, a significant variation in chemical shift 
values of ring hydrogens was observed. These changes were inferred as due to H-bond formation 
between cellobiose hydroxyl groups and imidazolium cation.179 Beside the NMR chemical shift 
variation, spin-lattice relaxation time measurements180 and diffusion rate measurements 
(DOSY)181 can also be used to understand the interactions between ILs and biomass polymers. 
 
• Fundamentals of FT-IR 
 Fourier transform infrared spectroscopy (FT-IR) is a versatile tool for measuring chemical 
compositional changes of solids and liquids. Similar to NMR, IR spectra are obtained quickly with 
little or no sample preparation. While NMR provides us with information on the chemical 
environment of atoms, IR examines the molecular-level vibrations of compounds and provides 
information about the surface chemistry and architecture of different samples.  
 For FT-IR measurement, a sample is placed on the internal reflection element, where ATR 
(attenuated total reflectance) crystal is mounted on the instrument setup (Figure 2.13).  
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IR beam is directed onto element at an angle 𝚹, greater than the critical angle (𝚹c) so that the 
infrared light undergoes internal reflection. An evanescent wave is produced at each point of total 
internal reflection. The evanescent wave has limited penetration depth. This smaller depth along 
with short pathlengths of waves allow for IR measurements. The basic setup of IR instrument is 
shown in Figure 2.13. 
 Each functional group has a characteristic IR absorption band. Any non-linear molecule with 
N atoms has 3N - 6 vibrational motions and 3N - 6 normal modes. Molecules with permanent 
dipole movements (polarity difference between atoms is high example: C-O bond) are also IR 
active. The stretching vibrations can be modeled to a harmonic oscillator, the frequency of which 
is given by the equation below. 
𝜈 =  (1 2𝜋𝑐⁄ )
√𝑘(𝑚1 + 𝑚2)
𝑚1𝑚2⁄               Eqn. 2.1 
Where 𝜈 = bond strength, c = spring constant, m1=mass of atom 1, m2= mass of atom 2. 
 FT-IR stretching mode frequencies are sensitive to functional group environment, 
electronegativity of atoms in functional groups, H-bond interactions. To understand the 
interactions between biomass and ILs, FT-IR measurement of functional groups such as C-O, 
C=O, C-O-C, C-C, C=C and C-H have been used.183 For example, in case of lignin dissolution in 
phosphate ILs, aromatic signal of lignin carbons at 1510 cm-1 was monitored.184 On the other hand, 
during biomass dissolution in imidazolium ILs, vibrational modes at C-O and C=O of 
hemicellulose acetyl groups were monitored.185 For cellulose dissolution, crystallinity changes 
were measured using the ratio of C-H bending (1375 cm-1) to crystalline O-H stretching at 







































2.9.2. Scattering techniques 
 
 Small angle scattering techniques using X-rays and neutrons are useful to probe chemical 
structures at multiple length scales, from a few angstroms to a few thousand angstroms. It allows 
microscale and nanoscale characterization of biomass in terms of size, shape, distribution of 
biomass components and interactions between different biomass components. The main 
advantages of SAS are minimum sample preparation and versatile sample environment. If neutrons 
are used as source, then the sample can be recovered due to minimum radiation damage. However, 
scattering techniques remain underutilized in the field of biomass characterization as data analysis 
is difficult and time consuming. In the section below an overview of the scattering fundamentals 
is provided along with the differences between X-ray and neutron scattering. 
 
• Basic concepts of scattering  
 When an electromagnetic radiation passes through matter (solid/liquid/gas) most of the 
incident beam comes out unaltered. However, the radiation undergoes two small but significant 
alterations. A small portion of radiation is absorbed and transformed into other forms of energy 
such as heat or radiation and another small part of the incident beam undergoes “scattering”. The 
scattering process in which the scattered beam has the same energy as the incident beam while 
undergoing a change in direction and momentum is called Thompson scattering or elastic 
scattering. 187, 188, 189 On the other hand, in Compton or inelastic scattering, the scattered beam has 
lower energy than the incident beam. As X-rays have higher energy compared to neutrons, small 
angle X-ray scattering (SAXS) is almost always elastic scattering, but neutrons can undergo 
inelastic scattering as well. For the purpose of this dissertation only the details pertaining to elastic 
scattering will be discussed.  
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 The change in the momentum of incident beam is described by the momentum transfer vector 
or the scattering vector, Q. This vector is calculated from the angle difference between transmitted 
and scattered beam referred to as scattering angle (), and the wavelength of the incident beam, as 
shown in the equation below: 
𝑄 =  
4𝜋 𝑆𝑖𝑛 𝜭 
𝝀
                  Eqn. 2.2 
 Q has the unit of inverse length, therefore, scattering image shows the scattering object in the 
reciprocal space. For lignocellulosic biomass the commonly employed Q range is 0.001Å-1< Q < 
0.6 Å-1, which corresponds to the dimension of 600 nm to 1nm.  
 As the scattering medium (sample) is composed of several different scattering centers, i.e., 
individual atoms, many different scattering events occur in the sample. Each of the scattering wave 
from an atom travels as a spherical wave. In case of elastic scattering, the waves from adjacent 
scattering centers create an interference pattern. Depending on the magnitude of constructive 
interference the intensity of scattered beam will be observed as a bright spot on the detector. The 
pattern of the dots on the detector can offer a perspective on the atom arrangement in the sample. 
For example, if the sample is made up of densely packed material, we can gather information on 
the structural factor of sample. But if the sample is a dilute solution, then scattering pattern on the 
detector can provide information about the shape and size of the particles in the sample. Each 
scattering wave from a scattering center has an amplitude and direction and energy of the wave is 
given by Equation 2.3. 
𝐸 =  𝐴 𝑠𝑖𝑛 (2𝜋𝜈𝑡 − 𝛷)                 Eqn. 2.3 
Where E = electric field intensity of the incoming electromagnetic radiation (X-ray/neutron), 𝜈 = 
frequency of wave and Φ = phase of the wave.  
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 As the scattered wave is spherical, the wave function is dependent on scattering length (b) of 
the individual atoms in sample. Each atom in the sample has a characteristic scattering length. In 
case of X-rays scattering, the length is determined by the number of electrons in the sample or in 
other words scattering length is dependent on the atomic number of the scattering medium. On the 
other hand, the neutron scattering length of atoms is determined by quantum mechanics, isotope 
composition and neutron-nucleus interactions. The fundamental quantity measured in any 
scattering experiment is the differential scattering cross section (dσs/dΩ), which in turn is the 
probability of the scattering event occurring at the incident angle dΩ. In a sample with N scattering 
centers, each with scattering length b, the differential scattering cross section expressed in terms 
of scattering vector Q is given by the equation below: 
𝑑𝜎
𝑑Ω











                Eqn. 2.4 
Where r is the distance between scattering center and detector. As the distribution of scattering 
centers in the sample is inhomogeneous, the scattering length term is replaced by scattering length 
distribution, ⍴(r), which is the summation of b over volume V and r is the scattering distance. 










 (𝑄) =  
1
𝑉









 is macroscopic scattering cross section, often denoted as I(Q). Scattering length 
distribution has important implication while analyzing a complex system such as biomass. All the 
three polymers of biomass are composed of same scattering centers: carbon, hydrogen and oxygen. 
In X-ray scattering where the scattering length is influenced by number of electrons, it would be 
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tough to distinguish cellulose from hemicellulose due to the above-mentioned reason. However, 
for neutrons, the scattering length is dependent on isotope composition. Hence, biomass systems 
with the hydrogen atoms replaced by deuterium are highly suitable for neutron scattering, where 
one polymer can be selectively investigated over another. 
• Form and structure factors  
 As stated in the earlier section small angle scattering techniques can provide information about 
the scattering object’s size and shape, often referred to as form factor P(Q).190,191 Form factor 
distribution functions for cylindrical, spherical and ellipsoidal structures are easily accessible from 
the free resource site for IRENA statistical package.192  However, unlike microscopy, where the 
exact location of atoms is used to generate real space images, scattering experiments obtain 
information in the reciprocal space. Therefore, small angle scattering techniques are 
complementary to first-hand information collected using imaging or other such studies.  
 In addition to the form factor information, scattering patterns can also provide information on 
the distance between a regularly ordered system, often referred to as structure factor S(Q). When 
scattering objects have regular arrangement a peak characteristic of this periodic arrangement is 
often observed. By combining the discussed aspects of form and structure factors, the most 





2 𝑃(𝑄) 𝑆(𝑄)                Eqn. 2.6 
Where N is number of particles, V is the volume of sample irradiated and Vp is the volume of 
scattering object.  
• Experimental setup  
The experimental setup of a neutron scattering instrument is shown in Figure 2.14. 
Electromagnetic radiation, either X-rays or neutrons, are the sources for scattering experiments. 
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X-rays can be produced from lab source such as copper, but neutrons are produced from isotope 
fission process. The source beam is then sent through the monochromator where only one wave of 
a particular wavelength can pass through. The monochromatic beam is then passed through a 
collimator with either a pin hole or slit geometry to make the incident beam of radiation narrow 
enough to form a defined shape. The collimated beam is then incident on the sample. The incident 
beam either undergoes transmission or scattering. The scattered beam is collected at the detector. 
The distance between the sample and detector defines the Q range of the experiment.  
Data analysis for small angle scattering experiments 
 The small angle scattering curves are often complex and require multiple stages of data 
analysis. The scattering profile of sample is obtained as 2-D intensity profile. If the scattering 
medium has no orientation, then the scattering profile is referred to as isotropic scattering. On the 
other hand, scattering profiles of oriented sample is known as anisotropic scattering. In case of 
isotopic scattering the 2-D data is converted into 1-D format by radial averaging in azimuthal 
direction. Any object with atomic composition has the ability to scatter. Therefore, to obtain the 
sample scattering, the scattering profiles of solvent and sample cell need to be subtracted. Once 
the sample profile is obtained, the choice of an appropriate model will allow for accurate 
interpretation of the observed features.  
 
 
• Unified fit for hierarchical structure  
 Unified fit approach was developed by Beaucage et al. to analyze complex multicomponent 
systems such as lignocellulosic biomass.
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Biomass has multi length scale features such as 




































The scattering profile of such complex system encompasses over five-decade Q range with 
information on various scattering structures. In Q range of 0.001Å-1 to 0.01 Å-1 cell wall 
morphology information is obtained. For Q-range of 0.01Å- 1 to 0.08 Å-1 mass fractal scattering of 
cell wall polymers is obtained. In the Q-range of 0.08Å-1 to 0.2 Å-1, scattering from cross-section 
of cellulose microfibrils and distance between the microfibrils is obtained. And finally, in the Q-
range of 0.2Å-1 to 0.5 Å-1, scattering from the nanosized particles with a sharp interface is obtained. 
Unified fit approach offers flexibility to cover wide Q-range which is often beneficial when 
studying multilength and multi component systems. However, the results from the Unified fit 
approach need to be confirmed by the information from other techniques.  
• Modeling tool  
 Modeling tools in the IRENA package is another option to fit scattering profiles,195 where 
multiple data sets can be analyzed at the same time. There are options available to model the 
population of scattering objects while simultaneously performing the form fit factor analysis. 
Additionally, IRENA modeling tools offer a way to fit for any structure factors in the sample. It 
also has the option of performing simplified unified level analysis in conjunction with either form 
factor fit, mass fractal or structure factor of a sample. However, one of the main disadvantages of 
this tool is its complicated nature where the user needs to have enough background of mathematical 
functions to understand and discern the fit results. Therefore, similar to the results of unified fit 
analysis, a complementary technique is necessary to validate the results.  
2.9.3. Rheological techniques 
 Rheological measurements of biomass/cellulose IL solutions are useful in understanding the 
underlying set of interactions between ILs and cellulose/biomass. Similar to spectroscopic 
techniques rheological measurements can be performed easily as it involves minimum sample 
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preparation and equipment is easily accessible. However, as ILs with biomass or biomass polymers 
tend to have higher viscosity handling of samples is not straight forward. Further, viscosity 
measurement is sensitive to chemical profiles and water content of ILs therefore are not easy to 
perform. 
 
• Fundamentals of rheology 
 Rheology is defined as science of deformation and flow of materials. 196, 197, 198, 199, 200 During 
rheological studies, the parameters defining how the materials deform as a function of time, force 
and orientation are measured. The two common terms we come across during rheological 
measurement are shear rate and shear stress. Shear rate is defined as the force applied per unit area 
on a sample, while shear stress is the motion caused by the application of force. So, when a material 
is subjected to any force the tendency to displace is natural. However, the extent to which this 
displacement occurs is primarily governed by the interactions within the material and the resistance 
to these set of interactions is defined as shear viscosity. Or in other words, viscosity is the 
resistance to flow. Lower viscosity fluids flow fast, and higher viscosity fluids flow slow.  
 Polymer rheology is dependent on several factors such as intermolecular forces, degree of 
branching, molecular weight, polymer concentration and temperature. Under low shear rates 
polymer solutions have high viscosity due to high degree of entanglement. With increased shear 
rates, the polymers align in the direction of flow and the viscosity is reduced. A Newtonian 
polymer solution is one where the shear viscosity is independent of shear rate. On the other hand, 
the viscosity of Newtonian fluid is altered by temperature and pressure. At higher pressure, 
viscosity is higher. At lower temperature viscosity is high and as the temperature increases 
viscosity is reduced drastically. A non-Newtonian polymer solution is one where the viscosity is 
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altered by the shear rates. Non-Newtonian solutions are further classified as shear thinning where 
viscosity decreases with increased shear rates and shear thickening where viscosity increases with 
increased shear rate.  
 IL solutions with biomass polymers tend to exhibit Newtonian behavior.201 As with typical 
polymer solutions, viscosity of IL-polymer solution increases with increase of polymer 
concentration. Intrinsic viscosity of IL-polymer solution is a vital tool to understand the 
interactions between ILs and biopolymers. As the measurement of intrinsic viscosity is performed 
for dilute IL-polymer solutions, where polymer-polymer interactions are non-existent, the 
viscosity of the solution represents the nature of IL-polymer interactions. Interestingly, between 
[EMIM]acetate and [BMIM]chloride, the intrinsic viscosity of cellulose is almost identical.202, 203 
This observation implies that, at a molecular level (rheology is a molecular length scale 
measurement), the interactions between acetate IL and chloride IL are similar and therefore, to 
understand the differences in their mode of action atomic or mesoscale studies are necessary.   
2.10. Summary 
 The dissolution of biomass is a complex process owing to the inherent variability associated 
with biomass along with the multicomponent structure. The process is not only influenced by 
process criteria such as temperature and solid ratio, but also by the various physicochemical 
characteristics of ILs. However, owing to the multiscale nature of biomass it is obvious that a 
single technique cannot give us the whole picture. A few of the outstanding questions remaining 
during dissolution process include 1) what are the changes induced in biomass during dissolution 
process? and 2) the role of the IL cation and anion. Addressing these questions is critical, as it can 
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162) Hollóczki, O.; Gerhard, D.; Massone, K.; Szarvas, L.; Németh,B.; Veszprémi, T.; Nyulászi, 
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3.1. Abstract 
Numerous ionic liquids (ILs) have an exceptional ability to solubilize biopolymers like 
cellulose, however, the specific nature of interactions between the polymer and IL ion pairs remain 
largely unknown. To investigate the interactions between cellulose and 1-alkyl-3-
methylimidazolium ionic liquids, we selected two cations (1-ethyl-3-methylimidazolium [EMIM] 
and 1-allyl-3-methylimidazolium [AMIM]) and two anions (formate and acetate) in four 
combinations. Molecular interactions were probed by 13C NMR spectroscopy, which indicates that 
both the IL anions and cations interact with cellulose. [EMIM]acetate exhibited the strongest 
shielding/deshielding effects while [AMIM]formate displayed the weakest. Mesoscale interactions 
measured using small-angle X-ray scattering showed that, although cellulose assumed a single 
stranded conformation in both [EMIM]acetate and [AMIM]formate, twice the number of acetate 
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ions were bound to individual cellulose strands than the formate ions. Furthermore, microscale 
interactions investigated by rheology revealed that, [AMIM]formate exhibited shear thinning 
behavior at higher rates than [EMIM]acetate. Thus, our comprehensive investigations spanning 
multiple length scales provided useful insights about factors affecting the dissolution of cellulose 
in 1-alkyl-3-methylimidazolium ILs. 
Keywords: Cellulose; ionic liquid; interactions; NMR; SAXS; rheology. 
3.2.Introduction 
 
Cellulose is the most abundant polymer on earth with an annual production of 7.5 x 1010 tons.1 
Cellulose is used for a wide variety of applications due to its biodegradability and ability to 
undergo various chemical modifications.2-5 Structurally, cellulose is a linear homopolymer that 
consists of repeating β-D-glucopyranose units connected by 1,4 glycosidic linkages. It has a strong 
propensity to form inter and intramolecular hydrogen (H) bonds, which are often cited as the reason 
for cellulose’s complex structure6 and lack of solubility in common solvents, such as water and 
ethanol.7 Solvents such as N-methylmorpholine-N-oxide (NMMO) and ionic liquids (ILs) are 
known to disrupt the H-bonding network and dissolve cellulose,8 with the advantages that ILs have 
lower toxicity and recyclability.9 
ILs are low melting temperature salts with an organic cation and either an organic or inorganic 
anion. The physical properties of ILs, such as viscosity and density, can be tailored by varying 
the combination of cation and anion, hence, ILs are often referred to as “designer solvents”.10 ILs 
have several attractive features, such as low vapor pressure, high chemical stability, and high 
thermal stability, making them suitable for applications in numerous fields, e.g. electrochemistry, 
catalysis, and material engineering, to cite a few.11-14 In the last decade, ILs have garnered great 
momentum in the field of cellulose processing.15,16  
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Since the initial report of cellulose dissolution,8 the use of ILs has increased exponentially with 
several different types being identified as good solvents for cellulose.17 However, the rationale for 
selecting an appropriate IL remains unclear due to the lack of clear understanding of the 
interactions between cellulose and a given IL. Investigating the interactions between ILs and 
cellulose will allow us to 1) establish a suitable set of dissolution parameters, 2) design and develop 
low cost ILs with superior cellulose solubility, and 3) evaluate IL-cellulose solutions for bio-
product development.  
Experimental techniques such as 1H and 13C nuclear magnetic resonance (NMR) spectroscopy 
elucidate the molecular-scale interactions between cellulose and ILs.18-21 Using 13C NMR 
spectroscopy, Remsing et al. studied the interactions between the oligomers of cellulose and three 
different ILs, i.e., 1-n-butyl-3-methylimidazolium chloride ([BMIM]chloride), 1-allyl-3-
methylimidazolium chloride ([AMIM]chloride) and 1-ethyl-3-methylimidazolium acetate 
([EMIM]acetate). They found that, while the relaxation time of the anion (13C and 35/37Cl) was 
reduced in the presence of cellulose, the cation relaxation time remained unaltered.18 This 
observation was interpreted as the ability of IL-anions to interact with cellulose via H-bonding. 
However, in a study by Zhang et al., where the chemical shift differences between cellobiose in 
[EMIM]acetate and neat IL were compared, both the IL-cation and anion were shown to interact 
with cellobiose.20  
Apart from NMR spectroscopy, meso and microscale techniques have also been used to 
elucidate the role of ILs in dissolving cellulose. In the past decade, small-angle X-ray and neutron 
scattering techniques have been vital in obtaining mesoscale details, such as cellulose confirmation 
in ILs. For example, the work by Napso et al. indicated that cellulose was present in semi-flexible 
or rigid conformation in [EMIM]acetate.22 On the other hand, cellulose was found to adopt a 
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flexible conformation in [BMIM]chloride.23 This difference in confirmation was attributed to the 
chloride anion’s ability to disrupt both intra- and inter-molecular H-bonds, in contrast to 
[EMIM]acetate which only disrupted the inter-molecular H-bonds. In a more recent study utilizing 
small-angle neutron scattering, [EMIM]acetate was reported to penetrate cellulose fibers and bind 
tightly to individual cellulose strands thereby bringing about cellulose dissolution.24 
These studies suggest that, by investigating cellulose conformation at mesoscale, we can gather 
details about interactions between ILs and cellulose, which otherwise may not be captured by 
NMR spectroscopy. Therefore, unlike past work in which macroscopic solubility measurements 
were correlated with semi-empirical solvent scales or atomic correlations, herein we employ a 
comprehensive investigative methodology, ranging from molecular to bulk polymer scale, to 
understand the interactions between cellulose and 1-alkyl-3-methylimidazolium ionic liquids. 
Furthermore, because most previously reported studies of cellulose/IL systems utilized either 
acetate or chloride anions,25 we chose to study formate-based ILs (e.g. [EMIM]formate and 
[AMIM]formate) that have been shown to dissolve higher weight percentage of cellulose.26  
The primary objective of this study is to probe the interactions between cellulose and four 
different ILs using a combination of two cations ([EMIM], [AMIM]) and two carboxylate anions 
(acetate, formate). Interactions at molecular, meso and microscale were investigated using 13C 
NMR spectroscopy, small-angle X-ray scattering (SAXS), and rheological techniques. The 13C 
NMR spectroscopy shielding/deshielding effects provided evidence for interactions between both 
IL-cations and anions with cellulose. [EMIM]acetate and [AMIM]formate exhibited the most and 
least molecular-scale interactions with cellulose, respectively. SAXS data showed that the acetate 
ions bound in greater number to anhydroglucose units than the formate ions. Furthermore, 
rheological measurements demonstrated that the inter-molecular interactions were higher between 
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[EMIM]acetate and cellulose. These collective data imply that not only the molecular level 
interactions between cellulose, IL-cation and anion, but other bulk inter-molecular forces are 
responsible for the dissolution of cellulose in 1-alkyl-3-methylimidazolium ILs.  
3.3. Experimental section 
3.3.1. Materials  
 
The four studied ILs, i.e., 1-ethyl-3-methylimidazolium formate ([EMIM]formate), 1-ethyl-3-
methylimidazolium acetate ([EMIM]acetate), 1-allyl-3-methylimidazolium formate 
([AMIM]formate), and 1-allyl-3-methylimidazolium acetate ([AMIM]acetate) were purchased 
from IoLiTec GmbH (Tuscaloosa, AL). The moisture content of [EMIM]formate, [EMIM]acetate, 
[AMIM]formate and [AMIM]acetate measured using Thermo gravimetric analysis (TGA) was 5.0, 
6.9, 7.0 and 5.4 % (an average based on duplicate measurement). Avicel (microcrystalline 
cellulose, PH-101, DP = 230) was purchased from Alfa Aesar (Tewksbury, MA). The moisture 
content of Avicel was 3.2 % (an average based on a duplicate measurement). Dimethyl sulfoxide-
d6 (DMSO-d6) (99.9 %) containing tetramethylsilane (TMS) (0.03 %, v/v) was purchased from 
Cambridge Isotope Laboratories, Inc., (Tewksbury, MA). 
3.3.2. Preparation of cellulose-IL solutions 
 
Cellulose-IL solutions were prepared by dissolving different amount of cellulose in each IL at 
80 °C, following a previously published method.27 Briefly, 2 g of IL were weighed out in a vial 
then heated at 100 °C for 10 min to remove any excess moisture. To confirm the moisture loss of 
ILs, TGA was conducted using thermogravimetric analyzer (Pyris 1 TGA, Perkin Elmer, Shelton, 
CT) with 5-10 mg of ionic liquid. ILs were heated in a platinum pan from 30 to 105 °C at a rate of 
10 °C /min and held for 10 min at 105 °C under 10 mL/min of nitrogen. After 10 mins the mass 
loss of ILs was constant suggesting, 10 min heating at 100 °C prior to cellulose addition was 
 
92 
sufficient to remove water from ILs (Data in Appendix).  The temperature was then reduced to 80 
°C and cellulose was added in 20 mg increments to the neat IL. The dissolution of cellulose was 
confirmed by placing an aliquot of the solution under a bright-field optical microscope (20X 
magnification); absence of visible fiber bundles was assumed to indicate complete dissolution. 
Upon confirmation, the next increment of cellulose was added until the targeted concentrations of 
2, 4, 6, 8 and 10 % (w/w) were achieved.  
3.3.3. Preparation of 13C NMR samples 
 
 To observe the changes in 13C NMR chemical shifts as a function of cellulose concentration, 
samples were prepared by mixing 575 L of the prepared cellulose-IL solution and 125 L of 
DMSO-d6. Based on previously published work DMSO-d6 was chosen the solvent for NMR 
experimental setup.28 Preliminary experiments were conducted to determine the minimum amount 
of DMSO-d6 needed to provide the lock frequency without significantly affecting cellulose-IL 
interactions. A control containing 575 L of each neat IL and 125 L of DMSO-d6 was also 
prepared. Samples with 0, 2, 4, 6, 8 and 10 % (w/w) cellulose concentration in the four ILs were 
prepared. The sample tubes were sealed with Teflon tape and stored under ambient conditions in 
between the NMR runs. 
3.3.4. NMR instrumentation and 13 C NMR experiments 
 
NMR spectra were recorded on a Bruker 400 MHz spectrometer at 353 K (80 °C). Both 
DMSO-d6 and tetramethylsilane (TMS) were used as an internal reference. The change in 
chemical shifts was calculated by subtracting the chemical shift of each carbon in the presence of 
different IL cellulose solutions and neat IL. The data were processed (base line correction and 
chemical shift assignment) using MNOVA software. A one-way ANOVA was performed to 
determine if there was any significant difference between the chemical shift value of neat IL and 
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those containing different concentrations of cellulose. Each experiment was repeated at least three 
times and a p-value of < 0.05 was considered significant. All statistical analyses were conducted 
using the IBM SPSS Statistics for Windows, Version 26.0 (IBM Corp, Armonk, NY). 
3.3.5. SAXS and WAXS experiments 
 
Small angle and wide-angle X-ray scattering (SAXS and WAXS) experiments were conducted 
at the 12-ID-B beamline of Advanced Photon Source (APS) (Argonne National Laboratory, 
Lemont, IL). All measurements were carried out at room temperature. Sample solutions were 
injected into a 2 mm diameter capillary and sealed with epoxy. Based on the NMR findings, we 
selected the 2 % (w/w) cellulose in [EMIM]acetate and [AMIM]formate for the SAXS study. The 
X-ray wavelength was 0.9322 Å. A PILATUS (Dectris) detector was used as the area detector. 
The irradiation time was 10 s (1 s irradiation X10). The observed X-ray scattering intensities were 
normalized to the absolute intensity using glassy carbon (a secondary standard sample for intensity 
calibration).29 The solvent scaling factor for each IL was determined from the WAXS data, where 
no scattering signal from cellulose was observed. The scattering intensity of the cellulose 
molecules Icellulose(q) was obtained after subtracting the scattering intensity of the neat IL, Ineat IL(q).  
SAXS data were analyzed using a cylinder form factor with Gaussian distribution. The SAXS 
scattering intensity for a cylinder fit with radial polydispersity was implemented using the IRENA 
package30 of Igor Pro (WaveMetrics, Inc., Portland, OR) software, which can be expressed as 
follows: 
𝐼(𝑄) =  𝐼𝑜𝑃(𝑄) 𝑆(𝑄) (1) 




 (𝛥𝜌)2  (2) 
 
94 
Where (f) accounts for the cylinder particle concentration with a polydisperse volume and  is 
the contrast ( cylinder – solvent). ρcylinder and ρsolvent are the scattering length densities (SLD) of 
the cylinder particles and the solvent, respectively. Vpoly, the volume of polydisperse cylinders 
using second moment, is given as 𝑉𝑝𝑜𝑙𝑦 = 𝜋𝑟
2𝐿(1 + 𝑝2), where r and L are the cylinder’s radius 
and length, respectively. Polydispersity of cylinder, 𝑝 = 𝜎 𝑟𝑎𝑣𝑔⁄ , is the ratio of width of Gaussian 
distribution to its center. The form factor of a radially polydisperse cylinder, modeled as Gaussian 
distribution, is expressed as: 
𝑃(𝑄) = ∫ 𝐺(𝑟)
𝜋/2
0
 𝐹2 (𝑞, 𝛼) 𝑠𝑖𝑛 𝛼 𝑑⍺ (3) 
where F is the form factor of a cylinder and G(r) is the radial Gaussian distribution function 
expressed as:  














 𝑑𝑟 (5) 
In the equation 4, J0(x) = sin(x)/x is the zeroth order Bessel function, α is the angle between 
cylinder axis and the scattering vector, and H equals half the length of the cylinder. For our current 
analysis, a polydisperse function in cylinder fit was set to the limit of a monodisperse cylinder and 
no inter particle correlation was used, i.e., S(Q) = 1.  
3.3.6. Rheological measurements of the cellulose-IL solutions 
 
The steady shear viscosity of the different concentrations of cellulose in [EMIM]acetate and 
[AMIM]formate and the corresponding neat ILs was measured using a controlled stress rheometer, 
AR-G2 (TA Instruments, Newcastle, DE) equipped with a Peltier temperature-controlled plate. 
The measuring system had a cone and plate geometry with 2° angle, 40 mm diameter and 56 µm 
of sample thickness. For rheological measurements, the samples studied included 0, 2, and 10 % 
 
95 
(w/w) cellulose concentration in [EMIM]acetate and [AMIM]formate. For each solution, steady 
shear experiments were carried out in the shear range of 1 – 1000 s-1 at a constant temperature (80 
°C). Silicon oil and metal plate covers were used to prevent the solutions from absorbing moisture 
during the measurement. Duplicate experiments were performed for each cellulose-IL solution. 
3.4. Results and Discussion 
 
To investigate the interactions between IL ion pairs and cellulose, two cations i.e., [EMIM] 
and [AMIM], and two anions i.e., formate and acetate, were chosen based on previous cellulose 
solubility reports.26 The structure of the ILs along with the notation of atom numbers are shown in 
Figure 3.1. 
3.4.1. Molecular scale interactions between cellulose, IL-cation and anion 
 
The interaction parameter between cellulose and ILs is measured in terms of chemical 
resonance of the IL carbon atoms, in the presence and absence of cellulose. The calculated 
chemical shift changes of imidazolium ring carbon atoms (C2, C4 and C5) in [EMIM]acetate, 
[AMIM]acetate, [EMIM]formate and [AMIM]formate with increasing cellulose concentration, at 
80 °C, are shown in Figure 3.2. Figures 3.2a and 3.2b compare the ring carbons of ILs having the 
same anion, acetate and formate, respectively. The comparison of chemical shift differences 
between ILs having the same cation and the raw NMR data are included in supplementary 
information. 
In all four ILs, atoms C2, C4, and C5 underwent deshielding or increase in electron density 
(shown as negative chemical shift difference) with increase in cellulose concentration. Even at 2 % 











Figure 3. 2. Changes in 13C NMR chemical shift value (δ (cellulose plus IL) - δ(IL)) of imidazolium ring 
carbons C2, C4 and C5 in (a) [EMIM]acetate (red) and [AMIM]acetate (blue); (b) [EMIM]formate 
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When comparing C4 and C5, a greater change was observed for C5. The overall trend in 
deshielding for imidazolium carbons was C2 > C5> C4. Despite these common traits, there are 
two distinct differences between ILs containing acetate and formate anions. First, the magnitude 
of deshielding was not as pronounced for [AMIM]formate (at 10 % (w/w) C2, C4 and C5 Δδ are 
-0.11, 0.00 and -0.01) and secondly, the deshielding did not fit a linear trend for the formate IL, 
especially [EMIM]formate. The observation of non-linear trend for [EMIM]formate and C2 
carbon of [AMIM]formate was unique among the tested ILs. 
With increasing cellulose concentration, the side chain carbon atoms also experienced 
deshielding/shielding effects. The methyl group carbon (C6) in all the four ILs underwent 
shielding effect (positive chemical shift difference) with increase in cellulose concentration 
(Figure 3.3). The ethyl side chain carbon atoms, C7 and C8, in [EMIM]acetate (Figure 3.3a) and 
[EMIM]formate also exhibited shielding effect (Figure 3.3b). However, the changes are not 
statistically significant at low concentration of cellulose (2 and 4 % (w/w)) (data in supplementary 
information). In the [AMIM] set of ILs the side chain carbons, C7 and C9, underwent shielding, 
whereas the C8 carbon atom underwent deshielding. Once again, the magnitude of changes was 
the smallest for [AMIM]formate. 
The anion carbon atoms also experienced deshielding/shielding effect due to a gradual increase 
in cellulose concentration. The chemical resonance changes observed for the anion carbons, Ca 
and Cb, in all four ILs are shown in Figure 3.4. With increasing cellulose concentration, the 
carbonyl carbon Cb underwent shielding. This shielding effect is in contrast to the deshielding of 
the alkyl group (Ca). The observed change is greater for the acetate (Figure 4a) set of ILs than the 





Figure 3. 3. Changes in 13C NMR chemical shift value (δ (cellulose plus IL) - δ(IL)) of side chain carbons 
C6, C7, C8 and C9 in (a) [EMIM]acetate and [AMIM]acetate; (b) [EMIM]formate and 
[AMIM]formate as a function of cellulose concentration, at 80 °C. 
 
Figure 3. 4. Changes in 13C NMR chemical shift values (δ (cellulose plus IL) - δ(IL)) of anion carbons, Ca 
and Cb, in (a) [EMIM]acetate and [AMIM]acetate; (b) [EMIM]formate and [AMIM]formate as a 
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Similar to trend noted for imidazolium ring carbons a non-linear trend is obtained for carbonyl 
carbons of [EMIM]formate and [AMIM]formate. 
 
It is well known that chemical shift values of imidazolium ring protons and carbons are altered 
by the IL anion, the NMR solvent and the presence of cellulose.31, 28, 20 To understand the 
interactions between cellulose and ILs, studies using [EMIM]acetate have been performed in the 
past.20, 21 In our study, the marked deshielding of the C2 carbon atom in both acetate and formate 
set of ILs is in agreement with the trend observed for [EMIM]acetate in previous studies. The 
possible reason for such a change is H-bond interaction between hydrogen at C2 position and 
oxygen of the hydroxyl or ether group of cellulose.20, 21, 28 The lower magnitude in deshielding of 
C4 and C5 is due to lower acidity of the hydrogens as referenced to in other studies.19, 21 
Additionally, in all the four ILs, the greater deshielding of the C5 carbon could be due to the closer 
proximity of nitrogen (at position one) with the electron donating alkyl group.31  
The observed shielding effect of the methyl side chain carbon (C6) could be due to the 
interaction of hydrogen atoms with the hydroxyl group of cellulose. Because of this interaction, 
electron density increases around the C6 carbon atom and results in the shielding effect. 
Conflicting reports exist in the literature about methyl group interaction, with a few studies 
reporting a shielding effect32 while others reporting no changes.33 However, similar to our study, 
Endo et al. recently reported shielding effect for methyl group carbon of [EMIM]acetate.32 The 
observed upfield shift of ethyl side chain carbons, C7 and C8, of [EMIM]acetate and 
[EMIM]formate might be due to potential interactions between ethyl group hydrogens and 
cellulose hydroxyl group. Although the lower magnitude changes in [AMIM]-based ILs suggest a 
weaker mode of interaction, the higher shielding/deshielding effects of allyl side chain carbons 
 
100 
imply greater level of interaction with cellulose when compared to ethyl side chain carbons. This 
greater interaction of allyl group carbons is similar to the trend observed in [AMIM]chloride.34 
Due to the electron-withdrawing nature of allyl group (sp2 carbons), the [AMIM] cation is rendered 
more electronegative and this increase in electron density of allyl carbons may be responsible for 
greater interaction with cellulose. 
In case of IL-anions, the shielding effect of carbonyl carbon can be explained on the basis of 
H-bond formation between carbonyl oxygen and hydrogen atom of cellulose hydroxyl group. 
Because of this interaction the electron density around Cb decreases causing a shielding effect. As 
the acetate anion is a stronger conjugate base (pKa 4.75) than the formate anion (pKa 3.75), the 
carbonyl carbon of acetate anion can form stronger H-bond which is reflected as greater shielding 
effect of acetate ILs.32 The deshielding of Ca is due to the increased electron density as a result of 
strong H-bond interactions between carbonyl group and hydroxyl group of cellulose.20 
To understand the overall trend in our 13C NMR results and highlight the magnitude of 
differences between the four ILs, the shielding and deshielding of all carbon atoms are 
consolidated in Figure 3.5. When the absolute values are compared, the interactions of all four ILs 
can be summarized as follows: [EMIM]acetate > [AMIM]acetate > [EMIM]formate > 
[AMIM]formate. In addition, we can conclude that the two carbons displaying the highest 
shielding and deshielding effects are the carbonyl group (Cb) of anions and the C2 carbon of 
cations. Between the [EMIM] and [AMIM] set of cations, the allyl side chain carbons exhibited 
greater change in chemical resonance than the ethyl side chain carbons. 
Our 13C NMR results thus far offer a perspective on the interactions between cellulose and 




Figure 3. 5. Changes in chemical shift values (δ (cellulose plus IL) - δ(IL)) of all carbon atoms in 
[EMIM]acetate, [AMIM]acetate, [EMIM]formate and [AMIM]formate, each containing 10 % 



























































































































Previous studies have widely concluded that [AMIM]formate dissolved higher amount of cellulose 
(17 %), pectin (2.5 %), xylan (11 % )26 and lignocellulosic biomass (7 %).35Interestingly, in our 
study, we observed the lowest carbon shielding/deshielding effects for [AMIM]formate indicating 
that the electronic environment around these IL carbon atoms is the least perturbed by the presence 
of cellulose. Since ILs are amphiphilic in nature and the cellulose molecule contains both 
hydrophilic and hydrophobic regions,36, 37, 38, 39 it is plausible that inter-molecular interactions 
omitted by 13C NMR are responsible for the superior performance of [AMIM]formate. To 
elucidate our proposed reasoning, the solution-state behavior of cellulose in [AMIM]formate and 
[EMIM]acetate (the two extreme ILs in term of changes (Figure 5)) was investigated using SAXS 
and rheological techniques. 
3.4.2. Mesoscale state of cellulose in ILs 
 
To investigate the structure of cellulose at mesoscale and to understand the differences noted 
between [EMIM]acetate and [AMIM]formate, SAXS studies were performed. The low cellulose 
concentration, i.e., 2 % (w/w), was selected to identify cellulose features by preventing any 
aggregate formation. The SAXS profiles of cellulose in the two ILs were similar except for a 
vertical scalar (Figure 3.6). The observed monotonic increase of scattering intensity proportional 
to Q-1 implied that cellulose adopted a rod-like particle shape in both ILs. Therefore, the SAXS 
data were fit to a cylinder shape. Further, the high flux of synchrotron X-rays was beneficial in 
observing a feature representative of the cross-sectional dimension of an individual cellulose 
strand in the high-Q region.  
The evaluated parameters for 2 % (w/w) cellulose in [EMIM]acetate and [AMIM]acetate are 
listed in Table 1. The volume fraction (f) of cellulose was calculated from the weight percent of 





Figure 3. 6. SAXS profiles of 2 % (w/w) cellulose in [EMIM]acetate and [AMIM]formate with a 



























On the other hand, the contrast parameter (Δ⍴) was altered to improve the overall fit intensity. The 
data presented in table 1 show that the cross-sectional radius of the cylindrical cellulose strand is 
identical in both ILs, at ~2.87 Å. The other result from the cylinder fit leads to the experimental 
contrast (Δ⍴exp), which is higher than the calculated theoretical contrast (Δ⍴theo) for the two ILs. 
Even though the difference between the experimental and theoretical contrasts is higher for both 
ILs, the difference is less pronounced for [AMIM]formate than [EMIM]acetate.  
Raguwanshi et al., first reported on the phenomenon of increased experimental contrast 
between IL and cellulose.24 Using the ratio of the experimental and theoretical contrasts 
(Δ⍴exp/Δ⍴theo), they concluded that IL anions bound irreversibly to cellulose strands. As a similar 
increase in contrast was observed for both [EMIM]acetate and [AMIM]formate, we implemented 
the approach developed by Raguwanshi et al. (eqn. 3.6), to obtain a quantitative estimation of 














Where b is the scattering length densities (SLDs) of cellulose and IL-anions; ⍴IL and ⍴cellulose are 
the SLDs of ILs and cellulose, respectively; and Δ⍴exp and Δ⍴theo are experimental and theoretical 
contrasts, respectively. 
 Following eqn. 6, one formate anion was calculated to bind to 4.6 anhydroglucose units (AGUs), 
while one acetate anion would bind to 2.8 AGUs (Table 3.1). This result is consistent with the 
higher shielding change observed using NMR. The Kratky plot of 2% cellulose in the 
[EMIM]acetate and [AMIM]formate is shown in Figure 3.7. With increase in Q a smooth transition 


















This observation means that at the 2 wt.% cellulose concentration SAXS data does not show any 
interferences due to structure factor. Therefore, our assumption of S(Q) = 1 is valid under the 
current experimental set up. These results are consistent with Raguwanshi et al.  observation as 
well.  
SAXS has been used to probe the structure of cellulose in various solvents such as water, 
acetone and ethanol.40, 41 In these solvents, a characteristic shoulder was observed around Q ~ 
0.1 Å-1 which is consistent with cellulose microfibril cross-sectional dimension.41 A similar feature 
was observed in [EMIM]acetate and [AMIM]formate but at a higher Q value, ~ 0.3 Å-1, indicating 
that these ILs diffuse into the cellulose microfibril and resolve individual elementary fibrils. 
Furthermore, the obtained diameter of cellulose (5.75 ± 0.12 Å) in both ILs aligns well with the 
cross-sectional diameter (6.38 Å) of a cellulose strand obtained using cellulose crystal structure, 
thereby confirming that these rod-like molecules are in fact individual cellulose strands.42 
Recently, several SAXS studies were conducted to determine the interactions between 
cellulose and various ILs.22, 23, 43 Similar to our findings, cellulose was reported to exhibit a stiff 
rod-like conformation in [EMIM]acetate and [EMIM]methylphosphonate.24,43 This non-flexible 
conformation implies that [EMIM]acetate and [AMIM]formate did not disrupt the intramolecular 
H-bonds, thereby keeping the individual cellulose strands intact. The main distinction between 
cellulose dissolved in [AMIM]formate and [EMIM]acetate is in the number of anions binding to 
cellulose. The acetate anions exhibit ~2 times higher propensity to bind to anhydroglucose units 
than formate anions. This higher binding affinity of acetate anion mirrors the higher shielding 
obtained by 13C NMR. However, despite the lower number of formate anions binding to the 




Table 3. 1. Summary of cylinder fit parameters of SAXS data for 2% (w/w) cellulose in 
[EMIM]acetate and [AMIM]formate. 
Fit parameters [EMIM]acetate [AMIM]formate 
*Volume fraction (f) 0.0148 0.0151 
Mean radius (Å) 2.89 ± 0.06 2.85 ± 0.06 
Experimental contrast (Δρe) # (×10-6 Å-2) 5.14 4.04 
#Theoretical contrast (Δρt) (×10-6 Å-2) 3.42 3.25 
^Number of AGU per anion 2.8 4.6 












This observation leads to the conclusion that anion – cellulose interactions alone do not determine 
the dissolution of cellulose in ILs. 
3.4.3. Microscale changes in cellulose-IL interactions 
 
To study the structure of cellulose at microscopic scale, the viscosity of [AMIM]formate and 
[EMIM]acetate was measured as a function of cellulose concentration (Figure 3.7). Typical to 
classic solution state polymers, the viscosity of cellulose-IL solutions increased with cellulose 
concentration. While the viscosity of neat [EMIM]acetate was higher than [AMIM]formate, at 2 
% (w/w) of cellulose, the two IL solutions had the same viscosity (0.064 Pa.s) with a broad 
Newtonian plateau over the measured shear range. This observation is in line with our SAXS 
results, i.e., in both [EMIM]acetate and [AMIM]formate cellulose assumed the same 
conformation. However, at 10 % (w/w) of cellulose, the viscosity of [AMIM]formate was 2.3 times 
higher than that of [EMIM]acetate. In addition to higher viscosity, the 10% [AMIM]formate 
solution exhibited a shear thinning behavior at higher shear rates when compared to the 
[EMIM]acetate solution. 
The structure of polymers like cellulose is governed by various inter-molecular interactions such 
as excluded volume, van der Waals, electrostatic and hydrophobic forces. Examining the flow 
behavior of cellulose-IL solutions will shed light on such interactions. Previous studies on specific 
viscosity of cellulose dissolved in [EMIM]acetate and [AMIM]formate reported that the calculated 
Rg and Kuhn length were the same in both solvents suggestive of similar solvating properties.44,45 
This observation is consistent with the SAXS results which also showed identical conformation of 







Figure 3. 8. Steady state shear of cellulose and ionic liquid mixtures, as a function of cellulose 













































Gericke et al., compared the viscosity of [BMIM]chloride and [EMIM]acetate-based cellulose 
solutions46 and found that the viscosity of [BMIM]chloride solution was higher than 
[EMIM]acetate at similar (1 and 5 % w/w) concentrations. This observation was attributed to the 
high room-temperature viscosity of [BMIM]chloride, which in turn was due to the strong 
interactions between the [BMIM] cation and chloride anion. In contrast to [BMIM]chloride, 
[AMIM]formate has lower room-temperature viscosity. Further, our NMR and SAXS data have 
shown that there are fewer formate ions binding to cellulose. Therefore, the higher viscosity 
observed at the highest cellulose concentration (Figure 3.7) is likely due to higher inter-molecular 
interactions between cellulose strands rather than the interactions between cellulose and 
[AMIM]formate. As a result of this enhanced attraction between cellulose strands, we observed a 
shear thinning behavior for [AMIM]formate at high shear rates (Figure 7). Thus, the rheology and 
SAXS results prove our earlier hypothesis that complex interactions other than anion-dominant 
interactions must be responsible for the dissolution of cellulose in [AMIM]formate-like ILs. 
3.5. Conclusion 
 
By combining molecular, meso- and micro-scale interactions between ILs and cellulose, 
determined using 13 C NMR, SAXS and rheological measurements, respectively, we determined 
the complexity of factors leading to the dissolution of cellulose. It was found that the 13C NMR 
chemical resonances of both IL-cation and anion altered as a function of cellulose concentration. 
This observation leads to the conclusion that both anions and cations interact with cellulose, 
leading to cellulose dissolution. Among the tested ILs, the 13C NMR shielding/deshielding effects 
were highest in absolute magnitude for [EMIM]acetate and the lowest for [AMIM]formate. SAXS 
data showed that almost twice the number of acetate ions were bound to cellulose AGUs than the 
formate ions. Rheological studies determined a shear thinning behavior for [AMIM]formate at 
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higher shear rates, further illustrating fewer interactions between cellulose strands and this IL. 
These combined results suggest that acetate based ILs dissolve cellulose by virtue of strong 
interactions between acetate anions and cellulose fibrils. However, further research is necessary to 
elucidate the set of interactions leading to cellulose dissolution in [AMIM]formate-like ILs. 
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The supporting information document contains 13C NMR chemical shift values of imidazolium 
ring carbons (C2, C4, C5), side chain carbons (C6, C7, C8, C9) and anion carbons (Ca, Cb) of 
[AMIM]acetate, [AMIM]formate, [EMIM]formate and [EMIM]acetate, as a function of IL-cation. 
Annotated NMR spectra of [AMIM]acetate, [AMIM]formate, [EMIM]formate and 
[EMIM]acetate, with and without cellulose and one-way ANOVA results of 13C NMR shielding 
and deshielding. It also includes molecular weight, density and scattering length density of 
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Figure 3. 9. Mass loss versus temperature data of [EMIM]acetate (red), [AMIM]acetate (blue), 
[EMIM]formate (green) and [AMIM]formate (pink) at 102 ˚C. 
 
 
Figure 3. 10. Changes in 13C NMR chemical shift value (δ (cellulose plus IL) - δ(IL)) of imidazolium ring 
carbon C2, C4 and C5 in (a) [AMIM]acetate (blue) and [AMIM]formate (pink) and (b) in 




























Figure 3. 11.  Changes in 13C NMR carbon chemical shift values (δ (cellulose plus IL) - δ(IL)) of side 
chain carbon C6, C7, C8 and C9 in (a) [AMIM]acetate and [AMIM]formate, and (b) in 








Figure 3. 12. Changes in 13C NMR carbon chemical shift values (δ (cellulose plus IL) - δ(IL)) of anion 
carbons, Ca and Cb in (a) [AMIM]acetate and [AMIM]formate and (b) in [EMIM]formate and 
[AMIM]formate, as a function of cellulose concentration at 80 °C. 
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Figure 3. 13. 13 C NMR {1H} (400 MHz DMSO-d6) spectrum of 1-ethyl-3methylimidazolium 















































Cellulose concentration (wt.%) 
0 2 4 6 8 10 
C2 0 -0.09a -0.13b -0.2c -0.22c -0.29d 
C4 0 -0.01a -0.02a -0.04b -0.04b -0.04b 
C5 0 -0.04a -0.04a -0.08b -0.08b -0.09c 
C6 0 0.03a 0.06b 0.06b 0.06b 0.12c 
C7 0 0.02a 0.03b 0.03b 0.04b 0.08c 
C8 0 0.01 0.02a 0b 0b 0.03c 
Ca 0 -0.04a -0.03a -0.13b -0.15b -0.13b 
Cb 0 0.09a 0.12a 0.19b 0.21b 0.31b 
  
Means followed by the same letter are not statistically significant at an  




























Cellulose concentration (wt.%) 
0 2 4 6 8 10 
C2 0 -0.04a -0.08b -0.18c -0.19c -0.24d 
C4 0 -0.01 -0.01 -0.02a -0.02a -0.02a 
C5 0 -0.01 -0.02a -0.06b -0.05b -0.06b 
C6 0 0 0.02 0.05a 0.07b 0.09c 
C7 0 0.01a 0.03b 0.06c 0.06c 0.08d 
C8 0 -0.03a -0.05b -0.11c -0.09d -0.11e 
C9 0 0.01 0.05a 0.12b 0.14b 0.18c 
Ca 0 -0.06a -0.07a -0.24b -0.11c -0.10c 
Cb 0 0.05a 0.09b 0.15c 0.14c 0.20c 
Means followed by the same letter are not statistically significant at an 
























Table 3. 4. Calculated carbon chemical shift difference as a function of 




Cellulose concentration (wt.%) 
0 2 4 6 8 10 
C2 0 -0.11a -0.15b -0.18c -0.19c -0.23c 
C4 0 -0.02a -0.03a -0.03a -0.03a -0.03a 
C5 0 -0.04a -0.05a -0.06a -0.06a -0.06a 
C6 0 0.04a 0.04a 0.07b 0.07b 0.08b 
C7 0 0.05a 0.05a 0.07b 0.07b 0.07b 
C8 0 0.02a 0.02a 0.03b 0.03b 0.04b 
Cb 0 0.12a 0.17b 0.22c 0.23c 0.27c 
Means followed by the same letter are not statistically significant at an  


























Cellulose concentration (wt.%) 
0 2 4 6 8 10 
C2 0 -0.04a -0.06b -0.07b -0.09c -0.11d 
C4 0 0.00 0.00 0.00 0.00 0.00 
C5 0 0.00 -0.01 -0.01 -0.01 -0.01 
C6 0 0.02a 0.03a 0.04a 0.05a 0.05a 
C7 0 0.02a 0.03a 0.04b 0.05b 0.04b 
C8 0 -0.01a -0.03b -0.04b -0.05b -0.05b 
C9 0 0.06a 0.07a 0.10a 0.12b 0.11b 
Cb 0 0.09a 0.11b 0.12b 0.11b 0.18c 
 Means followed by the same letter are not statistically significant at an  





Table 3. 6. Molecular weight, density and scattering length density of cellulose, [AMIM]formate, 








SLD (x10-6 Å-2) 
Cellulose (MCC) 162.1 1.50 13.561 (C6H10O5) 
[AMIM] formate 168.2 1.131 10.298 (C8H12N2O2) 
[EMIM] acetate 170.2 1.10 9.481 (C8H14N2O2) 
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Chapter 4. Investigating xylan and lignin interactions with 1,3 dialkyl imidazolium ionic 
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4.1.Abstract 
Understanding interactions between hemicellulose/lignin and ionic liquids is essential to 
identify the most efficient ionic liquid (IL) either for fractionating or extracting individual biomass 
biopolymers from lignocellulosic biomass. The current study proposes to utilize two sets of 
imidazolium cations (1-ethyl-3-methylimidazolium and 1-allyl-3-methylimidazolium) and two 
sets of anions (acetate and formate) to investigate the electronic and structural interactions between 
birchwood xylan and an organosolv hybrid poplar lignin and these ILs. The NMR results showed 
that both, the cation and anion of these ILs, are involved in the electronic interactions with xylan 
and lignin. Based on the significant changes in the 13C NMR shifts, we found that the IL-xylan 
interactions are greater by an average of 50% than the IL-lignin interactions. Conformational and 
quantitative estimation of the structural interactions by SAXS revealed that the xylan conformation 
remains the same in the studied ILs. Furthermore, the number of acetate and formate anions bound 
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to a single anhydroxylose unit was determined to be same. On the other hand, aggregates of lignin 
were formed in the studied ILs. In the acetate ILs, lignin was dispersed in a monomeric state while 
in the formate ILs it assumed a dimeric state within the aggregates. Macroscopic solubility aside, 
this systematic study demonstrates that ILs containing acetate and formate anion have similar 
interactions towards xylan but differ towards lignin. This knowledge could be utilized for selective 
extraction of hemicellulose or lignin from biomass for potential product applications.  




 Lignocellulosic biomass is an available underutilized renewable source1 which is composed of 
three main polymers, i.e., cellulose, hemicellulose and lignin. The percent composition of these 
polymers varies based on the plant species, age and growth environment.2 Although, attempts to 
use this abundant source for fuel and value-added products production have been prevalent from 
the past three decades, the primary challenge for the efficient utilization of lignocellulosic biomass 
is the network of covalent interactions between the polymers making it resistant to deconstruction 
and fractionation using common solvents.3, 4 Traditional acid and alkali pretreatments are effective, 
but have been mainly optimized for cellulose isolation and conversion.5, 6   
 Like cellulose, hemicellulose and lignin are also potential low-cost feedstocks with amendable 
functional groups for the production of chemicals and materials.7, 8 The main polymers that make 
up hemicellulose are xylan, mannan, galactan and arabinan, with xylan making up the major 
portion of hemicellulose in hardwood and herbaceous species.9 Xylan backbone is made up of -
1,4-linked xylose units with side branches of O-acetyl groups and other sugars. Lignin is composed 
of multifunctional phenolic rings. Several chemical, enzymatic and mechanical methods have been 
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developed to isolate lignin.10,11 Recently, targeted valorization efforts have ensured the better 
utilization of xylan and lignin as raw material in resins, films and other composite material 
applications.12,13,14  
 One of the key steps in utilization of hemicellulose and lignin is the identification of suitable 
solvent for efficient separation with minimal degradation to their native structure. Organic solvent 
systems such as 𝛾-valero lactone (GVL) and tetrahydrofuran (THF) are efficient but suffer from 
drawbacks such as toxicity and thermal instability.15 Ionic liquids (ILs) on the other hand are for 
the most part environmentally benign.16 Compositionally, ILs are molten salts made of anion and 
cations. Over the last two decades, several different ILs with a suite of cation and anion 
combinations have demonstrated their ability to dissolve cellulose, lignin and whole biomass.17,18 
Its solvation ability along with a low vapor pressure and high thermal stability make ILs an 
attractive choice for green processing technologies.19 The most popular cations are 1-alkyl-3- 
methylimidazolium (alkyl = ethyl/butyl/allyl) and pyrrolidium, while acetate, phosphonate and 
chloride are the most commonly used anions.20,21,22 
To ensure the economic viability of biorefineries, utilization of all three biomass polymers at 
par is essential. Unlike aqueous based solvent systems, ILs with their ability to solvate all three 
polymers are an attractive option. But, to make a rational choice among the different ILs available, 
a thorough understanding of the interactions of the different ILs with not just cellulose, but all the 
three biomass polymers will aid in the 1) selective fractionation of carbohydrate polymers 
(cellulose and hemicellulose) from lignin, 2) identification of IL suited for whole biomass 
dissolution and 3) optimization of the processing conditions to achieve increased solubilities in 
ILs to improve the efficiency of the process. 
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Experimental and theoretical studies have been useful in providing important details about the 
interactions between xylan and ILs in comparison to cellulose. For example, using density 
functional theory (DFT) calculations Payal et al. reported that binding energy (BE) between xylan 
and IL ion pairs is greater by 20 kcal mol-1 when compared to cellulose. This higher BE was 
interpreted as stronger interactions between xylan and ILs.23 On the other hand, when performing 
dissolution experiment of extracted hemicellulose from bamboo, Bylin et al. noted that the 
dissolution of xylan was slower than cellulose, owing to the chemical diversity of hemicellulose.24 
Apart from these cellulose/xylan comparison studies, other research works have mostly focused 
on ascertaining the role of anion and cation in xylan dissolution.25, 26 NMR studies performed to 
understand the interactions based on chemical shift differences offered evidence for a defined role 
of anion however the role of IL cation remains uncertain.26  
 Similar to xylan studies, several reports on characterizing interactions between lignin and ILs 
ion pairs exist in literature. One of the earliest studies was performed by Pu et al. using softwood 
kraft lignin, wherein it was shown that the nature of anion was key to lignin dissolution.27 Besides 
experimental studies, theoretical studies have also aided in understanding the interactions between 
lignin and ILs. For example, using DFT calculations with lignin model compounds in imidazolium 
ILs, it was shown that, while IL anions interact via intermolecular H-bonding, IL cations interact 
with lignin via H-bond and pi stacking interactions.28 However, using the same lignin model 
compounds and simulation data Wang et al. concluded that the cation’s role was non-
deterministic.29 
 The objective of this study is two part: 1) to compare the interactions of xylan and lignin with 
a set of ILs, and 2) to understand the interactions between IL ion pairs with lignin and xylan. To 
achieve these goals, we extend on our work with cellulose by using the same set of four ILs, with 
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1-ethyl-3-methyl([EMIM]) and 1-allyl-3-methyl ([AMIM]) imidazolium as the cations and acetate 
and formate as the anions. Electronic interactions measured in terms of carbon chemical shift 
change by NMR revealed that both cation and anion interact with xylan and lignin. Structural 
interactions measured using SAXS indicated that xylan assumed the same conformation in the four 
ILs and the number of anions bound to anhydroxylose units were similar as well. On the other 
hand, lignin existed as aggregate particles with lower oligomeric state in acetate based ILs 
([EMIM]acetate and [AMIM]acetate) when compared to [AMIM]formate. These results suggest 
that among the studied ILs, xylan interactions are similar but lignin interactions are different. 
4.3.Experimental section 
 
4.3.1. Materials  
 
 The four ILs, i.e., 1-ethyl-3-methylimidazolium formate ([EMIM]formate), 1-ethyl-3-
methylimidazolium acetate ([EMIM]acetate), 1-allyl-3-methylimidazolium formate 
([AMIM]formate), and 1-allyl-3-methylimidazolium acetate ([AMIM]acetate) utilized in this 
study were purchased from IoLiTec GmbH (Tuscaloosa, AL). The moisture content of 
[EMIM]formate, [EMIM]acetate, [AMIM]formate and [AMIM]acetate measured using Thermo 
gravimetric analysis (TGA) was 5.0, 6.9, 7.0 and 5.4 % (an average based on duplicate 
measurement). Birchwood xylan was purchased from Sigma Aldrich. Lignin was produced though 
an organosolv process from hybrid poplar at Center for Renewable Carbon, University of 
Tennessee following an established method.30 The moisture content of xylan and lignin was 10 
and 3.5 % (an average based on a duplicate measurement). Dimethyl sulfoxide-d6 (DMSO-d6) 
(99.9%) containing tetramethylsilane (TMS) (0.03%, v/v) was purchased from Cambridge Isotope 
Laboratories, Inc., USA. In brief, poplar chips were loaded into a flow through reactor at 140 ˚C 
with 16/34/50 wt % solution of MIBK, ethanol, and water, respectively with sufficient sulfuric 
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acid to make a 0.05 M solution. Biomass and solvent were pumped through reactor for 120 min 
until the solvent to biomass ratio of 1:10 was achieved. Lignin was isolated from liquor generated 
from the reactor upon solid sodium chlorite addition to induce phase separation into organic and 
aqueous phase. Lignin collected in the organic phase was subsequently washed with deionized 
water. The organic solvent was removed from lignin in final step, which was then dried in vacuum 
oven overnight at 80 ˚C. Lignin purity, determined using standard procedures (NREL/TP-510-
42618 and NREL/TP-510-42622) was 84 %. 
The weight average molecular weight (Mw), number average molecular weight (Mn), and 
polydispersity index (Mw/Mn, PDI) of the lignins were determined by gel permeation 
chromatography (GPC).31 Approximately 50 mg of a lignin sample were acetylated with 1 mL of 
pyridine/acetic anhydride (1 : 1, v/v) and stirred for 24 h at room temperature, after which 25 mL 
was ethanol was added to reaction mixture. The addition of ethanol and rotary evaporation were 
repeated several times to ensure complete pyridine and acetic anhydride removal. Lignin was then 
dissolved in chloroform and diethyl ether and subsequently washed with X3 25 mL diethyl ether. 
The recovered lignin was then vacuum dried at 80 ˚C for 24 h. The acetylated lignin was dissolved 
in tetrahydrofuran (THF), filtered through a 0.45 μm filter, and immediately analyzed using a size 
exclusion chromatography system (Tosoh ECO SEC) equipped with a UV detector (265 nm). The 
analysis was carried out with THF as the eluent (0.35 mL min−1) on a Tosoh TSK gel Super 
Multipore HZ-M column (4.6 × 150 mm, 4 μm packing) preceded by a TSK gel Super Multipore 
HZ-M guard column and calibrated against polystyrene. The PDI of the lignin used in the study 





Table 4. 1. Polydispersity index, number average molecular weight, weight average molecular 
weight, glass transition temperature and purity of organosolv lignin used in the study. 
 
Poly dispersity index (PDI) 1.2 
Number average molecular weight (Mn g/mol) 3501 
Weight average molecular weight (Mw g/mol) 2995 
Glass transition temperature (Tg ˚C) 121 





















4.3.2. Preparation of polymer-IL solutions  
 
 All the xylan-IL and lignin-IL solutions were prepared at 80 °C following the previously 
published methods.32 In brief, 2 g of IL were weighed out in a vial and heated at 100 °C for 10 
minutes to remove excess moisture. To confirm the moisture loss of ILs, TGA was conducted 
using thermogravimetric analyzer (Pyris 1 TGA, Perkin Elmer, Shelton, CT) with 5-10 mg of ionic 
liquid. ILs were heated in a platinum pan from 30 to 105 °C at a rate of 10 °C /min and held for 
10 min at 105 °C under 10 mL/min of nitrogen. After 10 mins the mass loss of ILs was constant 
suggesting, 10 min heating at 100 °C prior to cellulose addition was sufficient to remove water 
from ILs (Data in Appendix).  After reducing the temperature to 80 °C, xylan or lignin was added 
in 20 mg increments. The dissolution of the polymer was confirmed by placing an aliquot of the 
solution under microscope (X 20). Upon the complete dissolution the next increment of 20 mg of 
polymer was added into IL until the target weight of 10 wt.% was achieved.  
4.3.3. Preparation of 13 C NMR samples 
 
 The NMR samples were prepared following the protocols established in our earlier study with 
cellulose. Briefly, to the prepared polymer IL solutions, 125 L of DMSO-d6 were added to reduce 
viscosity of the system.  To account for the DMSO interaction parameter, a triplicate of neat IL 
with 125 L of DMSO-d6 was used as reference when calculating the chemical shift differences. 
The sample tubes were sealed with Teflon tape and stored under ambient conditions in between 
the NMR runs. 
4.3.4. NMR instrumentation and 13 C experiments 
 
 NMR spectra were recorded on a Bruker 400 MHz spectrometer at 353K (80 °C). Both DMSO-
d6 and TMS were used as an internal reference. All the spectra were collected within 48 h of 
sample preparation to avoid for any additional moisture content variations. The change in chemical 
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shifts was calculated by subtracting the chemical shift of each carbon in the presence of xylan or 
lignin in IL and the corresponding neat IL. The data were processed (base line correction and 
chemical shift assignment) using MNOVA software. A one-way ANOVA was performed to 
determine if there was a significant difference between chemical shift value of neat IL and IL with 
xylan/ lignin for each carbon. Each experiment was repeated at least three times and a p-value of 
<0.05 was considered significant. All analyses were conducted using the IBM SPSS Statistics for 
Windows, Version 26.0 (IBM Corp, Armonk, NY). 
4.3.5. SAXS of xylan- and lignin-IL solutions 
 
 Small and wide-angle X-ray scattering (SAXS and WAXS) experiments were conducted at the 
12-ID-B beamline of Advanced Photon Source (APS) (Argonne National Laboratory, Lemont, 
IL). All measurements were carried out at room temperature. Xylan/ligin-IL solutions were 
injected into a 2 mm diameter capillary and sealed with epoxy. The X-ray wavelength was 0.9322 
Å. A PILATUS (Dectris) detector was used as the area detector. The irradiation time was 10 s (1 
s irradiation X10). Data were acquired on all four ILs, however the quality of data was low for the 
[EMIM]formate system to obtain any discernable differences. The observed X-ray scattering 
intensities were normalized to the absolute intensity using glassy carbon (a secondary standard 
sample for intensity calibration).33 The solvent scaling factor for each IL was determined from the 
WAXS data, where no scattering signal from xylan/lignin was observed. The scattering intensity 
of the xylan/lignin molecules Ixylan/lignin(q) was obtained after subtracting the scattering intensity of 
the neat IL, Ineat IL(q).  
 SAXS data of xylan over a specific q range were analyzed using a power law analysis. The 
SAXS scattering intensity for a power law fit was implemented using the IRENA package34 of 
Igor Pro (WaveMetrics, Inc., Portland, OR) software, which can be expressed as follows:  
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𝐼(𝑄) =  (𝐴𝑄)−𝑃 +  𝐵𝑘𝑔  (1) 
where A is length scale factor, Bkg is background intensity of neat IL and P = power law feature.  
 The full q range of lignin data in ILs was analyzed using the two-level unified 
exponential/power law model,35 which is a combination of Guinier and power law models given 
by the equation as shown below  










 +  𝐵𝑘𝑔  (2) 
 In this equation, i = 2, for two level fit. G is the Guinier pre-factor, B is the pre-factor of power 
law scattering, Pi is the power law exponent, Rg is the radius of gyration and Bkg is the background 
scattering of neat IL. Rg of the particles obtained from the Guinier law at the value of the scattering 
q = 0 is independent of the shape of the particles. The value of Pi provides information about the 
shape of the scattering objects and its fractal structure. 
4.4.Results 
 
In this work, two cations and two anions in four different combinations were chosen to investigate 
the interactions between ILs and xylan or lignin. The chemical structure of the four ILs along with 
carbon atom numbering are shown Figure 4.1. 
4.4.1. NMR interaction of xylan and lignin with ILs 
 
 The electronic interaction parameter between xylan and lignin with ILs was obtained by 
comparing 13C NMR of ILs with and without xylan/lignin at 80 °C. The 13C NMR spectra of the 
neat ILs and their corresponding mixtures with 10 wt.% xylan or lignin are included in the 
supplementary information file. Figure 4.2 shows the 13C chemical resonance difference of IL 





















Figure 4. 2.  Changes in 13C NMR chemical shift values (δ (xylan plus IL) - δ(IL)) of carbon atoms in a) 
[EMIM]acetate (brown) and [AMIM]acetate (blue); b) [EMIM]formate (green) and 



































































































































Apart from the two anions, all the four ILs have side chains of imidazolium cation at position 
1 and 6 (Figure 4.1) and they also experienced a change in chemical environment in the presence 
of xylan. In order to clearly understand the observed differences, results are showcased on the 
basis of carbon atom classification into two categories: cation carbon atoms and anion carbon 
atoms. The cation set of carbon atoms are further divided into imidazolium ring carbon atoms and 
side chain carbon atoms.  
 
 
Cation carbon atoms: Imidazolium ring carbon atoms C2, C4 and C5 
 In presence of xylan the carbon at position 2 (C2) underwent deshielding i.e., signal moved 
upfield due to the increase in electron density which is shown as negative chemical shift difference 
(Figures 4.2a and b). Carbons C4 and C5 also underwent deshielding in presence of xylan. 
However, among the three carbon atoms the deshielding of C2 carbon was most pronounced (with 
the largest negative chemical shift difference of -0.25 ppm), followed by C5 (-0.07 ppm) and C4 
(-0.02* ppm) carbon atoms. Between C4 and C5 carbon atoms, C5 carbon underwent greater 
deshielding than C4 carbon. And, at an p value of 0.05, the chemical shift difference noted for C4 
carbon was not statistically different for xylan. One exception to this observation was C4 carbon 
(0.24±0.01 ppm) in [AMIM]formate (Figure 4.2). This observation was recorded in all the three 
samples measured.  
Cation carbon atoms: Side chain carbon atoms C6, C7, C8 and C9 
 In all the four ILs, the methyl group at C6 showed as positive chemical shift difference of 0.10 
which indicate a shielding effect, i.e., a decrease in electron density in presence of xylan (Figures 
2). Further, in the [EMIM] set of ILs, the ethyl side chain carbons, i.e., C7 (0.08) and C8(0.04) 
underwent shielding in presence of xylan. On the other hand, in the [AMIM] ILs, carbons C7 
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(0.09) and C9 (0.19) underwent shielding while C8 (-0.13) experienced a deshielding effect. In 
summary, the shielding effect of the ethyl side chain carbon atoms was smaller in magnitude than 
allyl side chain carbon atoms.  
Anion carbon atoms Ca and Cb  
 Between the four ILs, there are two anion carbon atoms: the methyl group of the acetate anion 
and the carbonyl carbon. The carbonyl carbon, Cb (0.43) of all the four ILs underwent shielding, 
in another word the NMR signal moved downfield in presence of xylan (Figure 2). This downfield 
movement of the signal implied that electron density around the carbon increased in presence of 
xylan. On the other hand, the signal of methyl group of the acetate ILs, Ca moved upfield in 
reference to solvent peak in presence of xylan (-0.18), characteristic of deshielding, i.e., a decrease 
in electron density. 
 The chemical shift differences observed for the four ILs in presence of lignin are shown in 
Figure 4.3. Overall, the trends noted in presence of xylan hold up well in presence of lignin. The 
imidazolium ring carbons, C2, C4 and C5 underwent deshielding. In [EMIM] ILs, both the side 
chain carbons, C7 and C8 underwent shielding, while in the [AMIM] ILs the side chain carbons 
experienced both shielding (C7 and C9) and deshielding (C8). In presence of lignin the carbonyl  
carbon (Cb) of all the four carbons underwent shielding while methyl group (Ca) in acetate anion 
ILs underwent deshielding.   
 While the chemical shift difference of IL cation and anion followed a similar pattern in 
presence of xylan and lignin, there exists certain differences due to IL structures and the type of 
biomass polymer.   For instance, in presence of xylan, the chemical shift changes experienced by 





Figure 4. 3. Changes in 13C NMR chemical shift values (δ (lignin plus IL) - δ(IL)) of carbon atoms in a) 
[EMIM]acetate (brown) and [AMIM]acetate (blue) b) [EMIM]formate (green) and 








Figure 4. 4. Comparison of relative 13C NMR chemical shift values (Δ𝛅) of a) imidazolium ring 
carbon atoms C2, C4 and C5 b) side chain carbon atoms: C6, C7, C8 and C9 and c) anion carbon 
atoms: Ca and Cb of [EMIM]acetate (brown), [AMIM]acetate (blue), [EMIM]formate (green) and 







































































































































































































In contrast, in presence of lignin, [EMIM]acetate, [AMIM]acetate and [EMIM]formate changes 
were similar while [AMIM]formate system recorded the smallest change (Figure 4.4). 
 In addition to differences between the four ILs, the NMR measurement was also useful to 
understand the difference in magnitude of chemical shift for the two polymers as well (Figure 4.4). 
The systematic variation of IL ion pairs was useful to conclude that the anion and C2 of the cation 
participate in the interaction process with the two polymers. In case of xylan the chemical shift 
difference noted for the carbonyl carbon was twice than for the C2 of the cation. The C2 in presence 
of lignin and the carbonyl carbon chemical shift differences were almost identical. Further, the 
allyl side chain demonstrated stronger participation than the ethyl side chain (Figure 4.4). 
4.4.2. SAXS of xylan and lignin in ILs 
 
SAXS studies were performed to understand how the local electronic changes measured by NMR 
translate into conformational details of xylan and lignin in ILs. The low concentration solutions (2 
% (w/w)) utilized for this experiment were beneficial to ensure scattering pattern consistent with 
single strand feature of xylan and lignin. As SAXS data collected from [EMIM]formate were of 
poor quality, the profiles of only three ILs are shown here. From Figure 4.5, we can infer that the 
SAXS profiles of xylan look similar in the three studied ILs. The steady increase of scattering 
intensity from high to low Q region implied that xylan assumed a rod-shaped particle 
conformation. A power law fit analysis across specific Q range was performed on the data.   The 
parameters obtained from this fit analysis are listed in Table 4.1 and include intensity scalar, 
volume fraction, experimental and theoretical contrasts.  The volume fraction parameter of ILs 
was calculated from the concentration of prepared xylan solutions in ILs and it was not altered 







Figure 4. 5. SAXS curves of xylan 2 % (w/w) in [EMIM]acetate (brown), [AMIM]acetate (blue) 
and [AMIM]formate (yellow). The [AMIM]acetate curve is scaled by a factor of 0.8 for the 
















 The experimental contrast was calculated from the intensity scalar and the volume fraction. 
For all three ILs, the experimental contrast, 4.28, 4.34 and 3.9 ×10-6 Å-2 was higher than theoretical 
3.42, 3.38 and 3.52 ×10-6 Å-2 contrasts. This difference in contrasts is similar to the observation 
made in our prior study using cellulose as well as in the study by Raguwanshi et.al.36 This contrast 
difference was used to calculate the number of anions bound to single anhydroxylose unit using 
equation 3. Based on the obtained numbers it can be concluded that same number of anions ~ 6 














Where b is the scattering length densities (SLDs) of xylan and IL-anions; ⍴IL and ⍴xylan are the 
SLDs of ILs and xylan, respectively; and Δ⍴exp and Δ⍴theo are experimental and theoretical 
contrasts, respectively. 
 SAXS profiles of lignin in ILs are shown in Figure 4.6a.  We observed a flattening of the 
profile in the low Q region. This implied that lignin assumed a globular conformation. For all three 
ILs, the profiles are similar, i.e., lignin polymer conformation is that of globular particles. But the 
specific lignin polymer arrangement within this globular feature is different in these three ILs. To 
showcase those differences in polymer arrangements a Kratky plot is often used.37 Figure 4.6b 
shows the Kratky representations of lignin in ILs where I(q)q
2 
is plotted as a function of Q. The 
figure shows that for [AMIM]acetate and [EMIM]acetate, I(q)q
2 
increased exponentially with q in 
the high Q, which implied an expanded conformation of lignin in these ILs. On the other hand, for 
[AMIM]formate, I(q)q
2 
remains constant with increasing Q at high Q region, implying a random 




Table 4. 2. Summary of Q-1 power-law fit parameters of SAXS data for 2% (w/w) xylan in 
[EMIM]acetate, [AMIM]acetate and [AMIM]formate. 
   





Figure 4. 6.  a) SAXS curves of lignin 2 % (w/w) in [EMIM]acetate (brown), [AMIM]acetate 
(blue) and [AMIM]formate (yellow). [AMIM]formate and [EMIM]acetate profiles were scaled by 
0.4 and 0.8 clarity. The solid black lines are the unified fit curves. b) Kratky plots of 
[EMIM]acetate, [AMIM]acetate and [AMIM]formate. 
 
Fit parameters [EMIM]acetate [AMIM]acetate [AMIM]formate 
Intensity Scalar (cm-1 Å-1) 0.0027 0.0028 0.0023 
*Volume fraction (ϕ) 0.0146 0.0149 0.015 
Experimental contrast (Δρe) 
(×10-6 Å-2) 
4.28 4.34 3.9 
+Theoretical contrast (Δρt) 
 (×10-6 Å-2) 
3.42 3.38 3.52 
^Number of AXU per anion 6 5 6 
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 The size of the globular feature was obtained by performing a two-level Unified fit analysis. 
Due to a slight up-turn in the low-Q region (0.01-0.025 Å-1), a two-level Unified fit was employed 
to extract the Guinier region reliably.  The fit parameters for the three ILs are listed in Table 4.2. 
The Rg and scalar G were obtained from the Guinier feature while scalar B and power law P were 
obtained from the Porod feature. The Rg value of lignin, 20.0+2.5/-1.5, 20.0±1.2, 23.0+3.6/-2.5 in 
the three ILs is very similar. The Guinier scalar (G) values is similar for acetate ILs (~0.05) while 
it is higher for [AMIM]formate (0.064). The other difference between the acetate set of ILs and 
[AMIM]formate is the power-law exponent of the Porod feature which is between 1 and 1.5 for 
acetate ILs and for [AMIM]formate it is 2.16±0.04.   Utilizing the Kratky representations along 
with Rg values, the molecular weight of lignin dissolved in ILs was calculated.39 In [EMIM]acetate 
and [AMIM]acetate the SAXS determined molecular weight is 3.5k g/mol, which is almost the 
same as the GPC determined molecular weight of lignin (3.5k g/mol average of two runs). On the 
other hand, a SAXS determined molecular weight of 6.9k g/mol was obtained for [AMIM]formate. 
4.5.Discussion 
 
 The aim of our study was to determine the roles of IL cation and anion in xylan and lignin 
dissolution and compare the IL-xylan and IL-lignin interactions. Previous IL structural studies 
have shown that the chemical shift values of the IL carbon atoms are sensitive to variation of the 
anion, alkyl side chain at position 1 and concentration of IL relative to solvent used for NMR 
measurement.40, 41, 42 This variation of chemical resonance value was also observed upon cellulose 
addition and was used to investigate interactions between cellulose and ILs.43 To implement the 
same methodology towards hemicellulose and lignin, extracted forms of hemicellulose and lignin 




Table 4. 3. Summary of Unified fit parameters of SAXS data for 2% (w/w) lignin in 





































Fit parameters [EMIM]acetate [AMIM]acetate [AMIM]formate 
Rg 20.0+2.5/-1.5 20.0±1.2 23.0+3.6/-2.5 
Scalar (G) 0.046 0.051 0.064 
Scalar (B) 0.0021 0.0013 0.00021 
Power law (P) 1.12±0.04 1.40±0.05 2.16±0.04 
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However, none of the studies so far offer a systemic alteration of cations and anion along with a 
comparative picture of xylan and lignin interactions as the current study. 
 
 Our NMR and SAXS analyses highlighted the difference between xylan and lignin interactions 
in the four different imidazolium ILs. The magnitude and directionality of the chemical shift 
change were used to understand the interactions between individual IL carbon atoms and 
xylan/lignin. The imidazolium ring carbons experienced negative chemical shift differences in 
presence of both polymers. This downfield shift relative to the solvent peak can be related to H-
bond formation with electron rich atoms such as oxygen in xylan/lignin. This is consistent with 
the increased electron density of carbon atoms experienced by imidazolium ring carbons as 
reported in previous studies conducted using extracted hemicellulose such as arabinoxylan as well 
as lignin.25, 26 This downfield shift of the imidazolium ring carbons is better understood in terms 
of the hydrogens of imidazolium ring.  All the three hydrogens of imidazolium ring are acidic due 
to the aromatic nature of imidazolium ring. However, the hydrogen at position 2 is rendered most 
acidic as it is sandwiched between two electronegative nitrogens. Due to the polarity induced 
charge difference of carbon hydrogen bond, the electron rich C2 interacts with the hydrogen of the 
hydroxyl group of xylan or lignin. As the hydrogens at position 4 and 5 are not acidic enough, a 
lower chemical resonance change is observed for these carbons.44  
 In addition to the imidazolium ring carbon atoms, the side chain carbons, i.e., methyl group at 
C6 and ethyl/allyl side chain at position 1, also experienced a change in electronic environment in 
presence of xylan/lignin. However, the magnitude of change is much smaller when compared to 
the C2 carbon. The primary reason for the differential variation of electronic density observed in 
the side chain carbon atoms can be understood in terms of the hybridization of ethyl and allyl 
carbons. The two ethyl carbons are SP3 hybridized while in allyl group two carbons are SP2 
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hybridized and one is SP3 hybridized. The SP3 hybridized carbons are less electronegative when 
compared with SP2 hybridized carbons. The chemical shift difference experienced by ethyl and 
allyl chain carbons are in agreement with these electronegative differences based on hybridization 
(Figures 4.2 and 4.3). SP3 hybridized carbons of ethyl (0.08 ppm) and allyl groups (0.09 ppm) 
experienced almost identical chemical shift difference in presence of xylan/lignin. The SP2 carbons 
of allyl group exhibited higher chemical shift difference (-0.11 ppm, 0.19 ppm) confirming the 
electronegative nature of allyl group.  
 Since the initial report of cellulose dissolution in IL, the role of anion has been clear and 
straight forward.45 In both acetate and formate anions, due to the electronegativity difference 
between carbon (2.55) and oxygen (3.44), the carbonyl bond is polarized with negative charge on 
oxygen and positive charge on the carbonyl carbon. The negatively charged oxygen forms H-bond 
with the hydrogen of the hydroxyl groups in xylan/lignin. This H-bond formation results in the 
reduction of electronic density around the carbonyl carbon (Cb) of all four ILs, which is recorded 
as downfield shift. However, in presence of xylan the downfield shift magnitude experienced by 
Cb carbon is almost double (Figure 4.2) when compared to the carbon shift in presence of lignin. 
The upfield shift of the methyl group observed for the acetate anion ILs is often equated to the 
redistribution of electronic cloud density. Although, in presence of lignin the upfield shift noted 
for the methyl group (an average value of (-0.25 ppm)) was far higher than the carbonyl carbon 
[an average value of (0.15 ppm)]. This observation suggests that there could be a potential direct 
interaction between the IL methyl group and lignin instead of reorganization of electron density. 
Overall, even though the directionality of the chemical shift difference is similar in presence of 




 SAXS analysis showed that xylan was dispersed at molecular level and the conformation, a 
non-flexible stiff rod, is the same in all the ILs, which implied similar magnitude of interactions 
between the ILs and xylan. This observation is consistent with previous studies where 
intermolecular H-bond network of xylan was disrupted in ILs.46, 47 A closer examination of the 
NMR data also confirmed this observation (Figure 4.4) for all ILs, but [AMIM]formate. In order 
to further understand xylan-IL interactions, we employed the same ion binding calculation 
methodology used in our cellulose study.  These binding calculations were possible due to the 
observed difference between theoretical and experimental contrasts (Table 4.1).36 The other 
parameter needed to perform the calculations were SLD’s of xylan and IL ions and in case of 
xylan-IL system the density of xylan was assumed to be similar to cellulose 48 (Appendix table 
4.4). Approximately, the same number of acetate and formate anions were bound to a single 
anhydroxylose unit (AXU). Lignin, on the other hand, assumed two different conformations in the 
ILs, a relaxed conformation in the acetate set of ILs and a rigid conformation in [AMIM]formate. 
Beside the conformation, the low radius of gyration (Rg) value of lignin implied that favorable 
interactions between lignin and ILs outweigh the IL-IL or lignin-lignin interactions, an observation 
also noted in studies with THF and DMSO solvents. 39, 49, 50, 51, 52 As the scalar quantity is similar 
for the acetate set of ILs and [AMIM]formate, the volume of the lignin aggregates is similar as 
well. Therefore, the implication that lignin is in monomeric form in [EMIM]acetate and dimeric 
form in [AMIM]formate suggests that lignin-[EMIM]acetate interactions are higher in magnitude 
compared to lignin-[AMIM]formate interactions.  Molecular weight calculations performed using 
scattering intensity scalar and Kratky plot variables showed that lignin existed as monomer in the 
acetate set of ILs and as an oligomer in [AMIM]formate. The rigid conformation along with 
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oligomeric (dimer) nature of lignin in [AMIM]formate are in line with the low magnitude of 
shielding and deshielding in the NMR results section (Figure 4.3).  
 In addition to differences between the ILs, SAXS profiles of lignin were different than the 
xylan profiles. While xylan assumed a linear single strand conformation, a globular feature was 
observed for lignin. This difference of SAXS profiles was also captured as lower magnitude NMR 
chemical shift differences of lignin-IL system in comparison to xylan-IL system.  These combined 
NMR and SAXS results showed that formate and acetate ILs exhibited similar binding capacity 
towards xylan. In case of lignin, ILs formed similar sized aggregates. However, the polymer 
arrangement within these aggregates was different for the acetate set of ILs ([EMIM]acetate and 
[AMIM]acetate) and [AMIM]formate.  
4.6.Conclusion 
 
 The current study utilized four different ILs with two sets of cations and anions to investigate 
the role of cation/anion and to compare interactions between xylan and lignin. The local electronic 
interactions measured using 13C NMR showed that both cation and anion interact with xylan and 
lignin. Conformational studies conducted using SAXS revealed that xylan attained a rod-like 
conformation in the ILs. Additionally, SAXS studies indicated that the number of acetate and 
formate anions bound to a single anhydroxylose unit (AXU) was the same. Lignin, on the other 
hand, achieved different conformations in the acetate and formate ILs, respectively; with an 
expanded conformation with monomeric form in the acetate ILs, whereas a Gaussian chain 
conformation with oligomeric form was observed in the formate ILs. These reported results along 
with our earlier cellulose study in chapter 3 will be applicable in the field of IL biomass processing, 
not only for the selective isolation of individual biomass polymers but also for whole biomass 




The supporting information document contains annotated NMR spectra of [AMIM]acetate, 
[AMIM]formate, [EMIM]formate and [EMIM]acetate, with and without xylan and lignin. It also 
includes one-way ANOVA results of 13C NMR shielding and deshielding. Additionally, it also 
includes high weight percent xylan and lignin SAXS curves, molecular weight calculation details 
of lignin in ILs.  
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Figure 4. 7. Mass loss versus temperature data of [EMIM]acetate (red), [AMIM]acetate (blue), 


















































































































































Table 4.4 4. Chemical shift values of [EMIM]acetate and [EMIM]acetate with 10 wt.% xylan 
Carbon number 
Chemical shift of 
neat IL (an average 
of three runs) 
Chemical shift of IL 
with 10 wt.% xylan 
Chemical shift 
difference (Δδ) 
C2 138.55 138.31 -0.23±0.06 
C4 124.19 124.16 -0.03±0* 
C5 122.75 122.66 -0.09±0 
C6 35.59 35.72 0.12±0.01 
C7 44.29 44.38 0.09±0 
C8 15.36 15.40 0.03±0.01* 
Ca 25.77 25.62 -0.15±0.02 
Cb 174.47 174.89 0.42±0.02 





























































Chemical shift of 
neat IL (an average 
of three runs) 
Chemical shift of IL 
with 10 wt.% xylan 
Chemical shift 
difference (Δδ) 
C2 138.62 138.30 -0.32±0 
C4 124.34 124.33 -0.01±0* 
C5 122.91 122.83 -0.08±0 
C6 35.85 35.96 0.10±0.01 
C7 50.95 51.05 0.10±0 
C8 132.47 132.32 -0.15±0.01 
C9 120.07 120.26 0.19±0.01 
Ca 25.14 24.93 -0.21±0.02 




Table 4. 6. Chemical shift values of [EMIM]formate and [EMIM]formate with 10 wt.% xylan 
Carbon number 
Chemical shift of 
neat IL (an average 
of three runs) 
Chemical shift of IL 
with 10 wt.% xylan 
Chemical shift 
difference (Δδ) 
C2 138.01 137.78 -0.23±0.01 
C4 124.10 124.07 -0.02±0* 
C5 122.61 122.54 -0.06±0.01 
C6 35.76 35.87 0.11±0 
C7 44.40 44.47 0.07±0 
C8 15.23 15.27 0.04±0.01 
Cb 166.39 166.82 0.43±0.01 
































































Chemical shift of 
neat IL (an average 
of three runs) 
Chemical shift of IL 
with 10 wt.% xylan 
Chemical shift 
difference (Δδ) 
C2 138.10 137.89 -0.21±0.01 
C4 124.53 124.28 -0.24±0.01 
C5 122.84 122.79 -0.05±0.01 
C6 36.02 36.1 0.08±0 
C7 51.01 51.09 0.08±0.01 
C8 132.25 132.14 -0.11±0.01 
C9 120.34 120.53 0.18±0.02 






































Chemical shift of 
neat IL (an average 
of three runs) 
Chemical shift of IL 
with 10 wt.% xylan 
Chemical shift 
difference (Δδ) 
C2 138.56 137.42 -0.15±0.01 
C4 124.19 124.15 -0.04±0.0* 
C5 122.75 122.67 -0.08±0.01 
C6 35.59 35.65 0.06±0.01 
C7 44.29 44.35 0.06±0.01 
C8 15.37 15.44 0.07±0.12 
C9 25.78 25.57 -0.21±0.02 
Cb 174.46 174.59 0.13±0.02 
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Chemical shift of 
neat IL (an average 
of three runs) 
Chemical shift of IL 





C2 138.62 138.48 -0.14±0.01 
C4 124.34 124.31 -0.03±0.01* 
C5 122.91 122.84 -0.07±0.01 
C6 35.85 35.87 0.02±0* 
C7 50.95 51.02 0.07±0.01 
C8 132.47 132.35 -0.12±0.01 
C9 120.05 120.16 0.11±0.02 
Ca 25.12 24.84 -0.28±0.04 
Cb 174.71 167.07 0.17±0.11 
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Chemical shift of 
neat IL (an average 
of three runs) 
Chemical shift of IL 
with 10 wt.% xylan 
Chemical shift 
difference (Δδ) 
C2 138.02 137.87 -0.15±0.01 
C4 124.1 124.06 -0.04±0.01 
C5 122.61 122.55 -0.06±0.01 
C6 35.80 35.82 0.03±0.01* 
C7 44.39 44.45 0.05±0.01 
C8 15.28 15.26 -0.02±0.01* 
Cb 166.39 166.64 0.24±0.02 
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Chemical shift of 
neat IL (an average 
of three runs) 
Chemical shift of IL 
with 10 wt.% xylan 
Chemical shift 
difference (Δδ) 
C2 138.09 138.48 -0.05±0.01 
C4 124.29 124.31 -0.01±0.0 
C5 122.84 122.84 -0.02±0.0 
C6 36.02 35.87 0.01±0* 
C7 51.01 51.02 0.04±0.0 
C8 132.26 132.35 -0.06±0.01 
C9 120.33 120.16 0.08±0.02 




Table 4. 12. Molecular weight, density and scattering length density of xylan, [AMIM]formate, 













SLD (x10-6 Å-2) 
Xylan (Birchwood) 150.12 1.5 13.561 (C5H10O5) 
[AMIM] formate 168.2 1.131 10.23 (C8H12N2O2) 
[EMIM] acetate 170.2 1.10 9.481 (C8H14N2O2) 
[AMIM]acetate 182.2 1.11 10.11(C9H11N2O2) 
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Lignocellulosic biomass is an abundant renewable source which has the potential to be used 
for the sustainable production of fuels, chemicals, and products.1 Biomass is mainly composed of 
three major polymers: cellulose, hemicellulose, and lignin. These polymers are hierarchically 
organized to form a composite cell wall structure, with cellulose encased in lignin-hemicellulose 
matrix. It is this encasement architecture of plant cell wall that poses a major challenge for the 
complete utilization of lignocellulosic biomass for products and fuel production. Several chemical, 
physical, and biological methods have been utilized to fractionate biomass into its constituent 
polymers for this purpose.2 Among the various solvent systems, ionic liquids (ILs) offer several 
advantages such as, high thermal stability and low volatility along with the ability to selectively 
dissolve biomass constituents and whole biomass. These properties position ILs favorably for 
developing “green” biomass processing technologies.3  
ILs are low melting temperature salts with an organic cation and either an organic/inorganic 
anion. The physical properties of IL such as viscosity and density can be amended by varying the 
combination of cation and anion of an IL; hence, ILs are often referred to as “designer solvents”.4 
By altering processing conditions (such as temperature and time), ILs can be utilized for biomass 
processing in three different ways: 1) biomass fractionation to isolate high purity cellulose, 
hemicellulose and lignin streams5 2) biomass activation to reduce recalcitrance and augment 
saccharification rate6  and 3) whole biomass dissolution for direct bio-product development.7 
Imidazolium (1,3 dialkyl) ILs are the most commonly used ILs to pretreat or dissolve biomass 
due to their ease of synthesis and high purity standard that can be achieved. Currently, there are 
several different imidazolium ILs reported as promising biomass solvents for processing.8 
 
173 
Nevertheless, the factors responsible for efficacy of one IL over another remain unclear. Obtaining 
a discerning picture is necessary to identify an ideal IL for commercialization which will in turn 
bring down the overall cost of IL biomass processing technologies.  
Biomass dissolution occurs over multiple length scales, ranging from angstrom (cellulose 
microfibril) to micron (pore size of biomass) levels. Based on the key findings of past research 
works, the three main steps of biomass dissolution process are: 1) permeation of IL through 
biomass layers, 2) swelling of biomass polymers, and 3) disruption of biomass encasement 
architecture. 9, 10, 11, 12 Imaging, microscopy, scattering, diffraction, chemical composition analysis 
and saccharification measurements have offered some insights into the above-mentioned changes. 
For example, using bright-field optical microscopy it was shown that at temperatures higher than 
100 ˚C, complete biomass dissolution happened in about 90 minutes.9 Cross polarizing filters that 
identify cellulose crystallite changes were used in several studies and based on the bright field 
patterns it was concluded that cellulose dissolution occurred rapidly due to loss of its crystallite 
integrity.13  
While microscopy techniques provided crucial information on micron level, imaging 
techniques such as scanning electron microscopy (SEM) and atomic force microscopy (AFM) 
were useful in generating a wholesome global picture of biomass changes by extrapolating 
micrometer (µm) level changes. One of the most prominent changes noted using SEM is the 
increased porosity of biomass/ cellulose.14 This morphological observation was interpreted as the 
result of disruption of encasement architecture, hemicellulose/lignin relocation and reduction of 
cellulose crystallinity. AFM was useful to measure the surface roughness alterations of biomass, 




Small angle scattering techniques using neutrons (SANS) or X-rays (SAXS) are another set of 
techniques useful in obtaining architectural changes of biomass based on the differences in electron 
contrast (SAXS) or neutron contrast (SANS).16 While X-ray scattering is influenced by electron 
density of the studied sample, neutrons are sensitive to the nuclear composition and consequently 
isotope dependent. The difference in the electron contrast between individual biomass polymers 
(e.g. micro crystalline cellulose (MCC) or extracted lignin) and ILs allowed SAXS studies to 
provide structural details such as polymer conformation, size and shape.17, 18, 19, 20  SANS 
techniques, on the other hand, have provided whole biomass structural details pertaining to 
cellulose microfibril reorganization, lignin agglomeration, lignin-hemicellulose network and 
biomass surface characteristics.21, 22, 23, 24 Despite these reported studies, the nano to sub-micron 
details of biomass polymers during IL dissolution process remain largely obscure.  
Therefore, the main goal of this study is to investigate the evolution of structural and 
morphological changes of biomass during its exposure to IL. This was achieved by using in-situ 
reaction SANS approach. Further, infrared analysis was used as a complementary technique to 
understand the chemical changes in the samples recovered after the reaction SANS measurements. 
The choice of the ILs was based on our findings in chapters 3 and 4. ILs 1-allyl-3-
methylimidazolium formate ([AMIM]formate) and 1-ethyl-3-metylimidazolium acetate 
([EMIM]acetate) were shown to exhibit similar set of interactions towards xylan but distinct 
interactions towards cellulose and lignin. But the substrates for the earlier chapter studies were 
individual biomass polymers. Therefore, for the current study, hybrid poplar, a dedicated 
bioenergy crop was used. 25 Cellulose microfibril changes measured using SANS showed that 
[EMIM]acetate started permeating through the fibril arrangement within 30 min of exposure. With 
progression of time, the average size of cellulose microfibrils was reduced from ~ 8.6 Å to 7.4 Å 
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in [EMIM]acetate. On the other hand, when biomass was exposed to [AMIM]formate its cellulose 
microfibril architecture did not alter during the entire run time (44h) of reaction. FT-IR analysis 
showed that biomass treated with [EMIM]acetate underwent deacetylation consistent with mass 
loss. On the other hand, biomass recovered from [AMIM]formate did not have any mass loss.  IR 
analysis showed that biomass treated in [AMIM]formate was different from the control/ untreated 
biomass However, the analysis was inconclusive in identifying the specific biomass polymer 
changes in the [AMIM]formate biomass system. The results of the current study of whole biomass 
combined with our earlier chapter conclusions demonstrated that [AMIM]formate and 
[EMIM]acetate differ in their action towards cellulose. Future analysis will focus on understanding 





The biomass used in this study, hybrid poplar (Populus spp.) was obtained from the Center for 
Renewable Carbon, The University of Tennessee. Biomass discs (16 mm diameter, 0.35 mm thick) 
were obtained by slicing through the cross section. Each sample had three growth rings, with 
central growth ring of 1 cm width.  Deuterated [EMIM]acetate and [AMIM]formate used in our 
SANS experiments were synthesized following previously published protocols.24 The 1H spectra 
of the ILs are shown in the appendix portion of this chapter. The hybrid poplar biomass discs were 
soaked in the ILs (~1mL) for (~40 min) at room temperature prior to loading into the sample cell 
for our in-situ SANS measurement study. The treatment temperature for the SANS measurement 
was 80 ˚C.  
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5.2.2. Small angle neutron scattering (SANS)  
The SANS measurements were performed using the Bio-SANS instrument located at the High 
Flux Isotope Reactor (HFIR) facility at Oak Ridge National Laboratory.26 A large dynamic Q 
range, spanning 0.003 < Q (Å-1) < 0.8 was accessed in a single configurational setting using 6 Å 
neutrons and a relative wavelength spread (Δλ/λ) of 15%. The main and wing detector arrays were 
positioned at 15.5 m and 1.13 m from the sample position, and the wing detector array was 
positioned at an angle of 1.4 °. The sample cell setup used for the SANS experiment is shown in 
Figure 5.1A. The 2D images displayed anisotropic patterns with scattering data in two wedges. 
Wedge 0 contained aligned and isotropic features of the system (horizontal wedge) and wedge 1 
contained only the isotropic underlying features (vertical wedge) (Figure 5.1B and 5.1C). Two 
scattering intensity profiles, I(Q) versus Q, were obtained for each sample; one from the horizontal 
wedges and the other from the vertical. These profiles were obtained by azimuthally averaging 
within each group of wedges (horizontal to vertical) of the processed anisotropic 2D image. The 
reduction process normalized to incident beam monitor counts, corrected for detector dark current, 
pixel sensitivity and scattering from backgrounds such as solvent and titanium cell. 
5.2.3. SANS data reduction and analysis 
The 2D patterns of the prepared samples exhibited distinct intensity flares in the horizontal 
direction (wedge 0) that arises from the aligned component in biomass (Figure 5.1B and 5.1C).  
The 1D scattering profile for the anisotropic cellulose features, wedge 1 was obtained by 
subtracting the profile with all features IL, cellulose, hemicellulose and lignin wedge 0. The 




Figure 5. 1. A. Biomass disc in titanium cell for SANS study. B. 2-D image of scattering signal 
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SANS data analysis was performed on the subtracted curves using the ‘Modeling-II’ tool in 
IRENA package of Igor Pro (WaveMetrics, Inc., Portland, OR) software.28 The low Q region of 
the SANS curve was modeled to the power law function in the Unified Fit. The function 
implemented in IRENA package of Igor Pro (WaveMetrics, Inc., Portland, OR) software is 
expressed as:  
𝐼(𝑄) =  𝐴𝑄−𝑃 + 𝐼𝑏𝑘𝑔  (1) 
where A is the intensity scale factor, P the power-law exponent and Ibkg the background intensity 
of neat IL.  
The high Q region was fit to a log-normal radial distribution of polydisperse cylinder function, 
as implemented in the IRENA package of Igor Pro (WaveMetrics, Inc., Portland, OR) software: 
𝐼(𝑄) =  𝐼0𝑃(𝑄) 𝑆(𝑄) (1) 





where ( ) accounts for the cylinder particle volume fraction and   is the particle contrast (cylinder 
– solvent). ρcylinder and ρsolvent are the scattering length densities (SLD) of the cylinder particles 
and the solvent, respectively. Vpoly, the volume of polydisperse cylinders using second moment, is 
given as 𝑉𝑝𝑜𝑙𝑦 = 𝜋𝑟
2𝐿(1 + 𝑝2), where r and L are the cylinder’s radius and length, respectively. 
Polydispersity of cylinder radius, 𝑝 = 𝜎 𝑟𝑎𝑣𝑔⁄ , is the ratio of the width of log- normal distribution 
to its peak value. The form factor, 𝑃(𝑄)̅̅ ̅̅ ̅̅ ̅ of a radially polydisperse log-normal distribution of 
cylinders is expressed as: 
𝑃(𝑄) = ∫ 𝐺(𝑟)
𝜋/2
0
 𝐹2 (𝑞, 𝛼) 𝑠𝑖𝑛 𝛼 𝑑⍺ (3) 
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where F is the form factor of a cylinder and G(r) is the radial log-normal distribution function 
expressed as:  










(𝑙𝑛(𝑅) − µ)2] (5) 
Where µ = ln (Rmed), Rmed is the mean radius and polydispersity is given by 𝝈. In equation 4, 
J0(x) = sin(x)/x is the zeroth order Bessel function, α is the angle between cylinder axis and the 
scattering vector, and H equals half the length of the cylinder. For our current analysis, all samples 
exhibited monodisperse cylinder characteristics except for 44 h reaction time stamp of biomass in 
[EMIM]acetate. Further, no inter particle correlation was used, i.e., S(Q) = 1 for biomass reaction 
samples in [EMIM]acetate. While a weak interference between fibrils was modeled for biomass 
samples in [AMIM]formate. The structure factor chosen for this purpose was the spherical 





 Where, k = packing correlation and  
𝝃 = Bragg like spacing between domains. 
5.2.4. Recovery of samples after SANS experiment 
 Due to the low energy of neutrons used for our SANS experiment, the biomass samples do not 
undergo radiation damage and therefore can be recovered. In brief, after the 2-days treatment time, 
the remaining solid biomass discs were washed in DI water (15 ml X 3) and the complete removal 
of ILs from the biomass was confirmed by the absence of the infrared band at 1565 cm-1 which 
corresponds to C-N stretch, after which the biomass disc was air dried for 3 days or until constant 




5.2.5. Fourier transform infrared (FT-IR) spectroscopy  
The chemical signature of the HP biomass discs before and after IL exposure was obtained 
using a Perkin–Elmer Spectrum One FT-IR spectrometer (Waltham, MA). Biomass disc was 
placed on the ATR accessory of the spectrometer and a pressure gauge was used to ensure proper 
contact between the sample and the accessory. FT-IR spectra were collected over a range of 4000-
600 cm-1 in the absorbance mode, with a 4 cm-1 resolution and 16 scans per sample. Five spectra 
were collected for each sample. The spectra were pre-treated with an ATR correction, normalized 
and corrected by Multiplicative Scatter Correction (MSC) in The Unscrambler® X software 
version 9 (CAMO software). 
5.2.6. Statistical analysis: Principal component analysis of FT-IR spectra  
Principal component analysis (PCA), a type of multivariate analysis, was used to analyze the 
FT-IR spectral data. PCA allows for the visualization of composite data by identifying the main 
sources of variation by removing noise variability and redundancy from the data. The spectral data 
are compressed and transformed into a data set that shows its most relevant factors, known as 
principal components or PC. The first principal component has the largest possible variance and 
accounts for most of the variability in the spectral data. Scatter plots of principal component scores 
show the pattern of the data and is called a scores plot. The relationship between wavenumber of 
the FT-IR spectrum and the PCs is shown on another plot called a loadings plot. The pattern on 





5.3.Results and discussion 
5.3.1. Small angle neutron scattering analysis 
The time resolved SANS profiles of cellulose in biomass in [EMIM]acetate at two different time 
points, 0.5h and 44h are shown in panels A and B of Figure 5.2. Panels C and D of Figure 5.2 
show the profiles for cellulose in [AMIM]formate. The two profiles in panel A look mostly similar 
except for two differences. As the experiment progressed, the scattering intensity in the low Q 
region (0.003 – 0.01 Å-1) decreases and the shoulder feature in the high Q region becomes 
shallower (Blue dots, panel B). The data in the low Q region which provide surface morphology 
information of large-scale features were fit to a power-law function while the high Q region which 
provides information on the cellulose microfibril architecture was fit to a lognormal polydisperse 
cylinder form factor. The fit parameters extracted from the data presented in Figure 5.2 are listed 
in Table 5.1. 
In biomass treated with [EMIM]acetate the radius of the cellulose microfibrils (cylinder feature) 
decreased from 11.6 to 7.5 Å (Table 5.1) while the distribution width (FWHM) increased from 
0.20 to 8.13. Figure 5.3A elaborates this change by showing the transition from a narrow radial 
distribution of cellulose microfibrils to a broad radial distribution during the 2 days of IL reaction 
in [EMIM]acetate. At 30 min of IL treatment, the cellulose microfibrils were of uniform size, 
which suggests minimal penetration of [EMIM]acetate into cellulose microfibrils. However, after 
~2 days of reaction, the transition to a polydisperse radial distribution of cellulose microfibrils 
resulted in the appearance of both, smaller and larger dimensions of microfibrils. The observation 
of larger and more importantly smaller sizes of the microfibrils can help us understand on how 




Figure 5. 2. Time resolved SANS profiles of cellulose in biomass for [EMIM]acetate (A) and 









[EMIM]acetate preferentially swells the microfibril to form larger radial microfibrils and as the 
swelling continues further, the peripheral strands slowly dissociate from the regular fibrillar 
arrangement contributing to the appearance of smaller microfibrils. This process of how 
[EMIM]acetate deconstructs the microfibril morphology during reaction is uniquely observable 
only by reaction SANS measurements. Meanwhile, the power-law exponent in the low Q region 
increased from 4.0±0.1 to 4.4±0.2. This increase implied a transition in the surface morphology of 
the large structures (possibly macrofibrils or cell wall lumens) from a smooth surface to a diffuse 
interface.29 A diffuse interface is consistent with a gradient of IL molecules on the surface of the 
large structures as the IL molecules gradually penetrate along with the leaching of the surface 
polymers from these large structures.  
 Unlike [EMIM]acetate, the cellulose cross-sectional feature (Q ~ 0.1 Å-1) in [AMIM]formate 
is more defined and showed no measurable change after 2 days of reaction (Figure 5.2 panels C 
and D).  The prominence of the shoulder feature suggests that the regular order of cellulose 
microfibril is preserved in [AMIM]formate. The next neighbor distance, i.e., center to center 
distance between cellulose microfibrils, obtained at t = 30 min in [AMIM]formate is 27±8 Å (Table 
5.1). This lack of change can be interpreted as minimal penetration of [AMIM]formate into the 
individual cellulose microfibrils from the initial 30 min time instant to the end of 2-day reaction. 
Accordingly, the radial distribution plot of [AMIM]formate shows the lack of any specific changes 
in cellulose microfibrils in [AMIM]formate (Figure 5.3 B). An important aspect to note is the scale 
(Y-axis intensity) of the volume distributions. A reduction in the intensity of volume distribution 




Table 5. 1. Composite model fit of log Normal radial distribution of interacting cylinders combined 
with a power-law fit of biomass in [EMIM]acetate and [AMIM]formate ILs at the starting and 
ending time points of 2 days of reaction. 
 






 0.5h_EA 44h_EA 0.5h_AF 44h_AF 
log Normal radial distribution of cylinders with interference $ 
Mean (Å) 11.6 11.9 10.7 11.2 
Mode (Å) 11.6 7.5 10.7 11.2 
Median (Å) 11.6 10.2 10.7 11.2 
Full width half maximum 
(FWHM) 
0.20 8.1 0.2 0.2 
Next neighbor distance (Å) N/A N/A 27±8 23±8 
Power law 
Scale 3.0E-09 7.4E-11 2.7E-09 4.8E-11 




Figure 5. 3. A. Polydisperse cylinder radius distribution of cellulose in biomass for [EMIM]acetate 
at t = 0.5h and t = 44h. B. Polydisperse cylinder radius distribution of cellulose in biomass for 




























Since, both volume and number of particles remain unchanged during the reaction, the 
reduction in intensity could possibly be due to change in the contrast. However, contrast was 
assumed constant during data analysis (reaction). Therefore, the reduction in volume distribution 
scale/intensity for [AMIM]formate does not correspond to size reduction of microfibrils. Unlike 
the lack of changes to the cellulose microfibril sizes in the high-Q region, the power law exponent 
in the low Q region increased from 4.1±0.1 to 4.5±0.2. This low-Q region alteration is similar to 
the trend noted for [EMIM]acetate, where a smooth surface gave way to a more diffuse interface.  
Along with the time resolved changes within individual IL, SANS measurement was useful to 
identify the differences between the two ILs as well (Figure 5.4). At 30 min reaction time, cellulose 
microfibril feature at Q ~ 0.2 Å-1 in [AMIM]formate is clearly discernable by its sharper profile. 
To highlight the difference in cellulose arrangement between the two samples, a Porod plot (Q4 
I(Q)) is shown in panel B. In case of [AMIM]formate, the cellulose correlation peak (green fit 
curve) indicates a weakly ordered organization (27±8 Å) of cellulose microfibrils. For 
[EMIM]acetate no correlation function was necessary to fit the high Q data of 30 min sample. This 
evidence further affirms [EMIM]acetate’s propensity to fill inter-fibrillar spaces and therefore 
disrupt the regular order of cellulose fibrils.  
The overall aim of this research work is to investigate the structural changes in biomass during 
exposure to [EMIM]acetate and [AMIM]formate. Previous studies on biomass dissolution in ILs 
have provided insights into the modifications of biomass pores and quantified the changes by 
measuring the post-treated biomass saccharification rates.11,12,13,14,15,30 In our study, in-situ SANS 
showed that cross sectional diameter of cellulose microfibril and surface morphology were 
impacted by [EMIM]acetate. This change can be inferred as the penetration of [EMIM]acetate into 
interstitial spaces of individual cellulose macrofibrils, followed by cellulose microfibrils. 
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Figure 5. 4. (A) SANS profiles of cellulose in biomass for [AMIM]formate (yellow) and 
[EMIM]acetate (purple) at t = 0.5h. The green lines are the fits obtained from analysis. (B) The 






























The shoulder feature in the high Q in [EMIM]acetate was not as sharp as in solvents such as 
water which provides evidence for the better soaking/ penetration capacity of [EMIM]acetate. On 
the other hand, the prominence of diffraction peak observed in biomass treated with 
[AMIM]formate meant that [AMIM]formate did not permeate through the biomass layers. 
In the field of biomass processing, [EMIM]acetate has long been considered as an efficient 
solvent for pretreatment, fractionation and dissolution purposes due its ability to form covalent 
linkages with woody biomass through cellulose reducing end via conjugation and 
transacetylation.35,36,37 This IL is also known to have highly reactive carbene intermediates at room 
temperature.38,39 However, high room temperature viscosity is often cited as a major drawback, 
therefore low viscosity ILs with formate anions have been considered as potential better option.26 
A recent study demonstrated that [AMIM]formate was able to dissolve 40% more biomass when 
compared to [EMIM]acetate.40 Therefore, the lower architectural changes noticed in 
[AMIM]formate biomass system imply that low viscosity may not be a defining factor for biomass 
dissolution in ILs. Chloride anion ILs such as 1-allyl-3-methylimidazolium chloride 
([AMIM]chloride)41 and 1-butyl-3-methylimidazolium chloride ([BMIM]chloride)42 are another 
example where high viscosity (room temperature viscosity of [AMIM]chloride is 244.5 mPa.s 
[BMIM]chloride 531.32 mPa.s) doesn’t interfere with their ability to disrupt the cellulose 
architecture.43 The increased alteration of cellulose feature in [EMIM]acetate is in agreement with 
our chapter 3 binding calculations, where twice the number of acetate anions were bound to a 
single anhydroglucose unit compared to [AMIM]formate. The current results imply that 
interactions between cellulose and [EMIM]acetate remain invariant to the nature of cellulose 
whether in biomass or as an individual component.  
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5.3.2. Mass loss and infrared analysis of IL- recovered biomass  
 
Table 5. 2. Biomass weight in [EMIM]acetate and [AMIM]formate before and after SANS 
experiment 
Ionic liquid (IL) name 
Biomass disc wt. (mg) Difference in 
biomass 
recovery (mg) 
Mass loss  
(% oven dry wt. 
basis) 0 h 44 h 
[EMIM]acetate 27.50 26.30 1.20 4.36 














 Based on Table 5.2, higher biomass recovery was recorded for biomass treated with 
[AMIM]formate when compared to [EMIM]acetate. To understand this mass loss, the chemical 
signature of the IL-treated biomass samples was collected by FTIR and compared to 
untreated/control biomass by principal component analysis (PCA). Figures 5.5 and 5.6 are the 
scatter plots of principal component scores, i.e., scores plots showing the pattern in the FTIR data, 
and a loadings plot displaying the relationship between the wavenumbers of the FTIR spectrum 
and the PCs. PCA scores and loadings plots highlight the differences due to IL treatment on the 
biomass with [EMIM]acetate (Fig. 5.5A, B, corresponding to scores and loadings plot, 
respectively) and [AMIM]formate (Fig. 5.6A, B, corresponding to scores and loadings plot, 
respectively) when compared to the control that consisted of untreated biomass. The scores plot 
(Fig. 5.5A) show that [EMIM]acetate sample recovered after 44h treatment and untreated biomass 
(control) are separated by PC1 which accounts for 83 % of the data variation. The PC1 loadings 
plot (Fig. 5.4B) shows that spectral changes occurred at 1739 and 1243 cm−1which correspond to 
acetyl groups, C=O and C-O stretch respectively. Since these bands are negative in intensity and 
the biomass recovered from IL treatment is located in the positive quadrant of PC1 (Fig. 5.4A), 
we can infer that there are fewer acetyl groups in the [EMIM]acetate treated biomass than in the 
untreated/control biomass. Similarly, the [AMIM]formate recovered biomass sample and the 
untreated biomass (control) separated along PC-1 (75% variation, Fig. 5.5A). However, unlike 
[EMIM]acetate, the corresponding loadings plot (Fig. 5.5B) did not display any bands associated 
with the loss of acetyl groups. Nevertheless, loading plot show bands at 1075, 1043 and 1015 cm-
1 corresponding to C-O and C-C stretching.  
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Figure 5. 5. Principal component analysis (PCA) on [EMIM]acetate-recovered biomass disc (after 
44-h reaction time) compared to untreated hybrid poplar. The scores plot is shown on the left (A) 





Figure 5. 6. Principal component analysis (PCA) on [AMIM]formate-recovered biomass disc after 
44-h reaction time compared to untreated hybrid poplar. The scores plot is shown on the left (A) 
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The intensity of these bands is lower when compared to acetyl group stretching observed for 
[EMIM]acetate treated sample.  This observation along with the minimal mass loss indicate that 
the biomass sample in [AMIM]formate did not undergo higher amount amount of deacetylation.  
 Figure 5.7 shows the PCA of the FTIR spectra collected from both ILs. According to the 
loadings plot (Fig. 5.7B), the most significant spectral changes occurred at 1739 and 1243 cm
−1
 
corresponding to C=O and C-O stretching of acetyl group. Similar to Fig. 5.5, the acetyl group 
bands in Fig. 5.7B have negative intensity while biomass recovered from [EMIM]acetate is located 
on the positive quadrant of PC1. Overall, variations in the FTIR spectra confirm that 
[EMIM]acetate altered the chemical features of biomass the most (PC1 accounts for 70%), when 
compared to [AMIM]formate. The close proximation of [AMIM]formate-treated biomass to the 
control in Figure 5.7A shows that they have similar chemical structure. This is consistent with past 
research where [EMIM]acetate was used for activation of lignocellulose biomass a similar loss of 
acetyl groups was observed.33,34    
5.1.Conclusion and future work 
 
In-situ SANS study of intact hybrid biomass was performed in the presence of two 1,3-
dialkylimidazolium ILs. In [EMIM]acetate, the cellulose microfibril feature in biomass underwent 
size reduction with time. On the other hand, no such change was observed with [AMIM]formate. 
The greater change induced by [EMIM]acetate is consistent with our results in Chapter 3 where 
[EMIM]acetate was shown to exhibit higher number of interactions with micro crystalline 
cellulose. Further, FT-IR analysis showed that [EMIM]acetate also caused significant 
deacetylation in hybrid poplar when compared to [AMIM]formate which may have partly 




Figure 5. 7. Principal component analysis (PCA) on biomass recovered from [EMIM]Acetate and 
[AMIM]formate after 44h and untreated biomass. PCA scores plot is shown on the left (A), and 
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On the other hand, IR analysis showed that biomass recovered from [AMIM]formate did not 
undergo deacetylation. However, the chemical signature of biomass sample recovered from 
[AMIM]fromate treatment was different from untreated biomass. For the first time, we show that 
delamination of cellulose microfibrils during IL-treatments is essential for enhanced dissolution 
and reduction in biomass recalcitrance. 
5.1.1. Future SANS analysis 
 The samples for the study included whole biomass, holocellulose and 𝜶-cellulose. In this 
chapter only the anisotropic scattering signal of cellulose microfibril was presented. Our 
preliminary IR analysis showed that biomass sample in [AMIM]formate underwent alterations. 
Therefore, to understand the behavior of biomass in [AMIM]formate isotropic scattering data of 
hemicellulose and lignin will be analyzed in future. In addition to those data, scattering data of 𝜶- 
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Figure 5. 10. SANS profiles of biomass in [EMIM]acetate with polydisperse cylinder fit and 





Figure 5. 11. SANS profiles of biomass in [AMIM]acetate with polydisperse cylinder fit and 










Figure 5. 12. ATR corrected FT-IR spectra of untreated (green) and [EMIM]acetate treated (red) 





















































































































































































































































Figure 5. 13. ATR corrected FT-IR spectra of untreated (green) and [AMIM]formate treated 


























































































































































































Biomass has complex structure essentially entrapping high carbon content polymers in a 
network architecture that is resistant to breakdown. Progress towards understanding plant cell wall 
structure has provided detailed information about cell wall component chemistry and potential 
causes of biomass recalcitrance. This information can now be used to shift the focus from a sugar-
centric separation to efficient isolation procedures, which will enable the utilization of all the 
polymers within the biomass.  
ILs are capable of dissolving biomass and biomass constituent polymers at milder processing 
conditions compared to traditional pretreatment approaches. Research of the past decade have 
shown that ILs bring about changes such as reduced cellulose crystallinity, increased cellulose 
access, lignin relocation, and higher saccharification rates. Despite the advantages of ILs, the 
laboratory to industrial scale adaptation has been slow due to high costs and the lack of 
understanding of molecular-level mechanisms of biomass dissolution in ILs.  Therefore, in this 
research, using the four different ILs in combination of two cations (1-ethyl-3-methylimidazolium 
[EMIM] and 1-allyl-3-methylimidazolium [AMIM]) and anions (formate and acetate), we 
evaluated the micro, meso and molecular interactions that bring about the ultrastructural changes 
in biomass during IL dissolution. We have used a multiple length scale approach to provide 
comprehensive insights about the interactions between IL ion pairs and biomass polymers.  
We first applied a bottom to top approach where individual biomass polymers were tested with 
ILs. In the first study the interactions between the four ILs and cellulose was investigated using 
NMR, SAXS and rheology. NMR analysis showed that local environment of IL carbons altered as 
a function of cellulose concentration. NMR also helped to identify [EMIM]acetate system with 
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most interactions and [AMIM]formate-cellulose system with least interactions. To identify the 
molecular-level differences leading to these NMR changes, cellulose dissolved in [EMIM]acetate 
and [AMIM]formate was studied by SAXS. The results showed that both ILs dissolved cellulose 
molecularly to the point where individual cellulose strands were observed. Quantitative analysis 
of SAXS results showed that almost twice the number of [EMIM]acetate ions were bound to a 
cellulose strand than [AMIM]formate.  Rheological behavior of cellulose-[EMIM]acetate and 
cellulose-[AMIM]formate also confirmed higher number of interactions between [EMIM]acetate 
and cellulose. Therefore, we conclude that the high magnitude of local interactions with 
[EMIM]acetate is due to the higher binding affinity of formate anion to cellulose and the higher 
number of dispersive interactions.  
We used the same analytical approach to assess the interactions between xylan and lignin with 
the four selected ILs. The NMR data demonstrated that the presence of xylan induced similar level 
of local interactions in the four ILs. However, in case of lignin, [EMIM]acetate showed higher 
magnitude changes compared to [AMIM]formate. Mesoscale interactions measured by SAXS 
showed that the same number of [EMIM]acetate and [AMIM]formate ions were bound to xylan. 
However, unlike the carbohydrate (cellulose and xylan) molecules, we did not observe a single 
stranded feature for lignin dissolved in ILs. Only a globular feature of similar size was observed 
in both [EMIM]acetate and [AMIM]formate. Interestingly, molecular weight analysis showed that 
lignin was present in a monomeric form in [EMIM]acetate while assuming an oligomeric form in 
[AMIM]formate. These results, combined with our cellulose study, demonstrate that 
[EMIM]acetate and [AMIM]formate have same magnitude of interactions with xylan, but varied 
in interactions with cellulose and lignin.  
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Our third objective was to investigate the behavior of native/whole biomass in [EMIM]acetate 
and [AMIM]formate. By performing a time resolved in-situ study using SANS, we specifically 
monitored real time changes in cellulose architecture embedded in the biomass matrix. In the 
[EMIM]acetate treated biomass, cellulose microfibril feature lost integrity within the first 30 min 
of measurement. Further, as the treatment progressed, we observed larger size cellulose 
microfibrils indicating that [EMIM]acetate permeated between and within the cellulose microfibril 
bundles. On the other hand, for biomass treated with [AMIM]formate, cellulose microfibril 
featured weak interference factor, implying close arrangement. Additionally, the diffraction 
feature did not undergo change as a function of time with [AMIM]formate, further supporting its 
weak interaction with cellulose. Complementary FT-IR analysis of regenerated samples showed 
that, the [EMIM]acetate treatment resulted in significant reduction of acetyl content and therefore, 
combined with the higher mass loss, indicated significant hemicellulose removal when compared 
to [AMIM]formate. The combined results implied that [EMIM]acetate brought about enhanced 
access to cellulose via hemicellulose removal. Furthermore, by virtue of higher number of 
interactions, [EMIM]acetate produced delamination of cellulose microfibril bundles, and hence, 
the superior performance in lignocellulosic biomass dissolution. Taken together, these studies 
provide compelling evidence that [EMIM]acetate is better suited for biomass processing 
technologies.  
 
6.2. Future outlook 
 
The research work put forth in thesis can be utilized to carry forward our understanding of IL-




•  Expanding the understanding of interactions by including chloride anion based ILs 
In addition to [EMIM]acetate, chloride anion ILs such as [AMIM]chloride and 
[BMIM]chloride are also considered as powerful non-derivatizing ILs for cellulose and biomass.1 
Preliminary SAXS studies demonstrated that chloride ILs disrupt, inter and intra molecular H-
bonds of cellulose to achieve faster solubility when compared to [EMIM]acetate.2 A comparative 
multilength scale study of chloride IL versus acetate IL will help further our understanding of IL 
biomass interactions.  
• Interactions of different types of hemicellulose with ILs 
Hemicellulose polymer is made of diverse sets of sugars such as mannan, glucuronoxylan and 
arabinoxylan. Since the current study utilized only xylan for the sake of simplicity, future studies 
can focus on other types of hemicellulose polysaccharides in order to develop a comprehensive 
picture of biomass disintegration. 
• Diffusion rate measurement of [AMIM]formate in comparison to [EMIM]acetate 
In the present study the interaction parameter measured by NMR is the chemical shift 
difference between IL with polymer and neat IL. Although reliable, this method suffers from the 
deficiency of low magnitude. Using Diffusion Ordered Spectroscopy (DOSY) method, the 
diffusion rate of IL ion pairs in relation to temperature and concentration can be measured.3 A 
comparative study on the diffusion rates of [AMIM]formate and [EMIM]acetate will help better 
understand the observed chemical shift differences noted in the current study. 
 
• SANS study with different time treated biomass samples 
For the objective 3, time resolved SANS study was performed on biomass samples for 2 days 
at 80 ˚C. In the current configuration, the titanium cell does not allow for solvent motion (in 
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comparison to lab setup) once the SANS measurement begins.  Therefore, the magnitude of 
difference between the start and end time point was significantly smaller. To overcome the issue, 
a future SANS measurement with biomass samples pre-treated in lab to different time points is 
recommended.  
• [AMIM]acetate IL for biomass processing 
In the current research work, four different ILs were utilized to understand interactions 
between biomass polymers and ILs in objectives 1 and 2. As ILs [AMIM]formate and 
[EMIM]acetate differed in their binding affinity towards cellulose and lignin, these two ILs were 
carried forward to conduct time resolved study of biomass dissolution. However, [AMIM]acetate 
and [EMIM]acetate have similar physicochemical properties and cellulose/ biomass solubilities.4 
And based on the current study, the interaction magnitude with individual biomass polymers is 
similar as well. So, a study comparing these two ILs with whole biomass will help us understand 
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